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ABSTRACT OF DISSERTATION
USING TRANSCRANIAL DIRECT CURRENT STIMULATION TO IMPROVE
NAMING ABILITY IN POST-STROKE APHASIA: EVALUATING EVIDENCE AND
OPTIMIZING OUTCOMES
Introduction. Aphasia is a devastating acquired language disorder that affects
about one third of stroke survivors. Aphasia can severely affect quality of life and can be
associated with economic burdens due to the need for long-term communication
rehabilitation. Traditional aphasia therapies are known to be effective; however, progress
is often slow and limited in severe cases – full restoration of communication abilities is
rarely achieved. Thus, there is a critical need for therapeutic solutions that can reduce the
associated burden of aphasia. Transcranial direct current stimulation (tDCS) is a noninvasive and inexpensive neuromodulation technique that has the potential to boost
language recovery in post-stroke aphasia, as well as reduce rehabilitation duration
compared to traditional therapies alone. However, despite over a decade of research on
tDCS for post-stroke aphasia, this method has yet to be approved for clinical use. In
addition, there are many methodological challenges that must be addressed in order to
produce stronger evidence.
Purpose. This dissertation comprises three projects that investigate the use of
tDCS to improve language functions in people with post-stroke aphasia. The aim of the
first project is to conduct a review to critically analyze the methodological rigor of
current evidence, regarding the use of tDCS for post-stroke anomia. The second project
investigates the effect of tDCS on improving reaction time in healthy participants, and
tests the timing factor of stimulation (i.e., comparing offline and online stimulation). The
aim of the third project is to test an individualized tDCS approach and find the optimal
tDCS montage, based on three stroke recovery patterns, to improve naming in people
with post-stroke aphasia.
Methods. Several methodologies were used to conduct the three projects. A
critical review method was used to answer the first project’s objective. For the second
project, a cross-over within-subject randomized control design was used. For the third
project, a within subject experimental design was used to test three active stimulation
conditions and define the optimal condition for each participant.

Results. The findings of the first study show that the current level of evidence for using
tDCS for anomia is at the pre-efficacy level, with emerging evidence at the efficacy level.
In addition, several methodological issues in tDCS literature were identified. The second
study did not show significant effects of tDCS on naming latency in healthy participants,
suggesting that a single session with a short stimulation period may not be sufficient to
induce behavioral changes in naming performance. In contrast, the third study paired
multiple sessions of stimulation with efficacious anomia treatments in individuals with
post-stroke aphasia, resulting in gains in single word retrieval. This finding occurred
regardless of the stimulation montage. Bilateral stimulation was the optimal condition for
four out of six participants. Upregulating the left hemisphere with A-tDCS was the
second most optimal condition. Upregulating the right hemisphere with A-tDCS was not
an optimal condition for any participant.
Conclusion. tDCS is a promising technique to boost language recovery in aphasia,
when combined with evidence-based language treatment. People with aphasia may
benefit from more than one tDCS montage, and factors such as aphasia severity and
lesion location and size may determine the amount of gain. Further studies on
individualized tDCS approach are needed.
KEYWORDS: Post-stroke aphasia, transcranial direct current stimulation, naming ability
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CHAPTER1. INTRODUCTION
1.1

Post-stroke aphasia
Aphasia is an acquired language disorder that is commonly caused by a stroke;

however, other causes such as brain injuries are also possible. About one-third of stroke
survivors suffer from aphasia (Simmons-Mackie, 2018). People with aphasia (PWA)
have difficulty with expressive and/or receptive language skills that involve one or more
language modalities (i.e., reading, writing, speaking, and understanding). Although
language deficits may vary across PWA, impaired verbal communication is one of the
most devastating consequences. Spontaneous recovery from aphasia is observed with
various degrees across people with aphasia at different stages, but the greatest recovery is
likely to occur in the early months post-stroke. However, many are left with persistent
communication challenges that can severely affect their quality of life (QoL) (Brown et
al., 2012). Aphasia can limit everyday interactions, impact social relationships and
psychological well-being, and restrict activities and participation (Brown et al., 2012;
Hilari et al., 2012). Aphasia therapy, although effective, may take weeks to months or
years in order to see significant improvement. In many cases, long-term communication
rehabilitation services are required and that is known to increase the financial burden for
people with post-stroke aphasia compared to people with stroke without aphasia (Ellis et
al., 2012).
Aphasia can present with varied symptoms, based on lesion location or the
affected language processing areas. Most often, a group of language deficits present
together and form a specific subtype of aphasia. The earliest classification of aphasia was
based on the classic language processing model, the Wernicke-Geschwind model
1

(Geschwind, 1970). In this model, two main brain regions were defined as responsible for
receptive and expressive language skills: Broca’s area and Wernicke’s area. Broca’s area,
in the left inferior frontal gyrus, is thought to be the center for language production,
phonology assembly, and grammatical processing. Damage to Broca’s and surrounding
areas typically results in impaired language production abilities. Conversely, Wernicke’s
area, in the posterior portion of the left superior temporal gyrus, is responsible for
language comprehension. Damage to Wernicke’s and surrounding areas is characterized
by impaired auditory comprehension with relatively fluent speech, leading to the subtype
Wernicke’s aphasia. Moreover, Wernicke’s and Broca’s areas are connected by a bundle
of axons known as the arcuate fasciculus. It is thought that damage to this tract results in
an impaired ability to repeat language, leading to another subtype known as conduction
aphasia. Impaired repetition with relatively good auditory comprehension and fluent
speech are often thought to be the main features of conduction aphasia.
Subsequent classification schemes have defined additional aphasia subtypes. For
example, aphasia can be classified into eight subtypes based on the Boston Diagnostic
Aphasia Examination (BDAE), and each subtype has a relatively distinct lesion location
(Goodglass et al., 2001). These eight types are differentiated based on speech fluency,
repetition, and comprehension abilities. In general, the eight types can be divided into
two main categories, non-fluent aphasia or fluent aphasia. Non-fluent aphasia subtypes
include global, mixed transcortical, Broca’s, and transcortical motor, whereas
Wernicke’s, transcortical sensory, conduction, and anomic are considered fluent aphasias
(Goodglass et al., 2001). Although this classification is helpful clinically and in research,
not every individual with aphasia necessarily fits into one of these subtypes. This is due
2

to the complexity of language processing and the various brain regions that can be
involved. In fact, the current view of language processing involves networks of brain
regions, rather than specific nodes or areas as described in the classic model. For
example, the dual-stream model of speech and language processing highlights two
anatomical pathways that serve different aspects of language processing (Hickok &
Poeppel, 2007). The dorsal stream is strongly left lateralized, connecting the auditory
cortex to the frontal cortex (Broca’s area) via the superior temporal gyrus and inferior
parietal lobe. Functionally, the dorsal pathway is responsible for mapping auditory
speech sounds to articulatory gestures. On the other hand, the ventral stream is bilaterally
represented and connects the auditory cortices to the frontal lobes via the middle and
inferior temporal lobes. Functionally, the ventral stream serves as the sound to meaning
processing route, mapping speech sounds to meaningful lexical units (Hickok & Poeppel,
2007).
Although classification of aphasia has evolved through the years, anomia –
difficulty retrieving words - remains the most prominent symptom of aphasia. In fact, the
majority of aphasia research has mainly focused on treating anomia (Whitworth et al.,
2014). Although naming can be elicited by various types of stimuli (visual, auditory,
olfactory, and tactile), the visual stimulus (i.e., object or picture) is frequently used to
assess lexical retrieval. Moreover, confrontation naming is known to be correlated with
overall language ability (Herbert et al., 2008; Kurland et al., 2014). Therefore, naming
ability is a useful outcome measure when evaluating the efficacy of language treatment in
aphasia.

3

Single-word retrieval processing has been described by several cognitive
neuropsychological models (Laine & Martin, 2013). For example, Dell & O'Seaghdha
(1992) described two main stages in single-word naming processing: The word retrieval
process begins by activating the semantic representations of the target word; in the
second stage, the phonological characteristics of the target word are activated. According
to this model, presenting a naming stimulus activates several competing semantic
representations of the target; however, only the most highly activated semantic
representation (i.e., the target) is selected. This correct semantic representation in turn
activates several competing phonological representations of the target word. Similar to
semantic representations, the desired phonological representation is also selected (Laine
& Martin, 2013; Schwartz et al., 2006). Although these processes are described here in a
serial order, the actual processing of word retrieval occurs in parallel.

1.2

Post-stroke aphasia recovery
Recovery from aphasia is dependent on the spontaneous recovery that occurs in

the acute and subacute phases of stroke (up to six months after stroke), as well as the
experience-dependent neuroplasticity that can occur even years after stroke (Crosson et
al., 2019; Kiran & Thompson, 2019). Acute, stroke-related brain damage triggers massive
neurophysiological changes in the area surrounding the lesion, as well as in remote areas
(diaschisis) (Kiran & Thompson, 2019). Examples of these processes include
excitotoxicity (i.e., cell death processes) in perilesional areas, and hypometabolism in
intact brain areas that have disrupted the affected area’s neural connections (Kiran &
Thompson, 2019). Acute medical intervention such as tissue plasminogen activator (tPA) may help to save more brain tissues from damage by restoring blood flow, if the
4

treatment is provided within a specific time window (Frizzell, 2005) and for a specific
stroke presentation (i.e., ischemic). This type of treatment can prevent or lessen
subsequent language impairment.
After the acute phase, the initial brain damage gradually lessens as the brain
shows some levels of adaptation and re-organization. For example, language functions
may show improvement accompanied by activation in perilesional language areas,
contralateral homologue areas, or both (Saur et al., 2006; Stefaniak et al., 2020;
Turkeltaub et al., 2011). This dynamic brain re-organization is influenced by several
factors, such as lesion site and size, treatment, and chronicity (Turkeltaub, 2019). In the
chronic stage of aphasia, the brain continues to show more adaptation, with
neurophysiological activities becoming more stable compared to the acute phase (Kiran
& Thompson, 2019). However, improvement in language functions is evident even years
after stroke, perhaps due to experience-dependent neuroplasticity rather than spontaneous
neuro-reorganization that is seen in the early phase of stroke recovery (Raymer et al.,
2008; Turkeltaub, 2019).
Neuroplasticity principles can be described as a group of intrinsic (e.g., age) and
extrinsic (e.g., treatment intensity, specificity of the task) factors, many of which can be
manipulated to optimize brain re-organization to maximize language functions after
stroke. Kleim and Jones (2008) have described ten principles of neuroplasticity based on
the motor learning literature, which can be adopted to optimize rehabilitation outcomes.
More recently, these neuroplasticity principles have been updated and refined with
support of evidence from aphasia literature (Kiran & Thompson, 2019). Some of the
principles of neuroplasticity have been established in aphasia research (e.g., principles
5

related to intensity, repetition, and “use or lose it”), while others have not been fully
explored (e.g., interference) (Raymer et al., 2008). For example, the “use it or lose it”
principle assumes that a specific area of the brain (e.g., parts of motor cortex) may lose
its function if an individual fails to use the related behavior (e.g., hand movement). Initial
motor treatment studies have successfully applied this principle to people with
hemiplegia by constraining the healthy arm to enforce reliance on the affected arm,
improving its use and its related neural network (e.g., Kunkel et al., 1999). Several
studies on aphasia treatment have built on the “use it or lose it” principle and have found
encouraging results. Pulvermüller et al. (2001) treated chronic post-stroke aphasia
patients with intensive language therapy for two weeks, restricting responses to the
spoken modality (Constraint Induced Language Therapy; CILT). As a result, significant
gains were observed on standardized tests and functional communication measures.
Similarly, Maher et al. (2003) found a greater treatment effect in verbal communication
measures after using CILT compared to PACE (Promoting Aphasic’s Communicative
Effectiveness) which is an approach that encourage use of any means of communication
(e.g., Drawing, gesture, and pictures). Using CILT for aphasia has also been shown to
improve writing ability, with effects lasting up to 6 months in post-stroke patients with
aphasia (Meinzer et al., 2005). These findings suggest applying neuroplasticity principles,
such as “use it or lose it”, can enhance aphasia treatment.
Other researchers (Crosson et al., 2019; Fridriksson, 2011; Hubbard et al., 2020;
Kurland et al., 2010; Marcotte et al., 2012) have systematically investigated other
neuroplasticity principles as they relate to aphasia therapy. Particularly, the principle of
intensity as a treatment factor in aphasia has been studied, despite a discrepancy in the
6

operational definition of ‘intense’ (Cherney et al., 2011; Dignam et al., 2016). Timing of
aphasia treatment (i.e, the point in time post-stroke at which applying treatment will be
most effective) has also been investigated, with a general consensus that treatment during
the sub-acute phase of stroke correlates with better treatment outcomes (Nouwens et al.,
2015; Raymer et al., 2008). Despite growing interest in applying principles of
neuroplasticity to achieve positive outcomes in aphasia treatment, certain aspects of these
principles require further study. The use of neuromodulation technology has offered
another method of directly inducing neuroplasticity beyond behavioral tasks alone, and
may further contribute to the knowledge base (Galletta & Vogel-Eyny, 2015; Huang et
al., 2017; Lefaucheur et al., 2017).

1.3

Aphasia Therapy
The ultimate goal of aphasia rehabilitation is to help PWA communicate

effectively in daily life, and ultimately, enhance their QoL. As aphasia is presented
through different symptoms across individuals, many different types of interventions
have been proposed for aphasia. Depending on how aphasia is defined, aphasia
interventions can be classified into two main categories: impairment-based interventions
and compensatory interventions (Martin et al., 2008). Impairment-based interventions are
based on the idea that aphasia is a deficit of accessing language and its representations
(Whitworth et al., 2014). Thus, these interventions aim to stimulate or restore language
functions (Whitworth et al., 2014). CILT is an example of impairment-based therapy.
Other examples may include semantic feature analysis (SFA) and phonological
component analysis (PCA), which focus on strengthening the links between semantic
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information and phonological information to facilitate lexical retrieval (Boyle, 2004;
Leonard et al., 2008).
The second category of aphasia interventions view aphasia-related language
impairment as irreversible, and that language functions cannot be accessed. This category
includes compensatory interventions that aim to overcome the impact of communication
deficits in aphasia, without direct intervention towards the language impairment itself
(Whitworth et al., 2014).Life Participation Approach to Aphasia (LPAA) is an example
of compensatory-based interventions. LPAA is focused more on enhancing participation
of people with aphasia in daily life activities rather than focusing on improve specific
language functions. Therefore, in LPAA, setting the goals and achieving them are a
collaborative process between PWA, their caregivers, and SLPs. The International
Classification of Functioning, Disability and Health (ICF) model (World Health
Organization, 2001) provides a framework to categorize both types of interventions (see
Appendix 1). The WHO-ICF model explains and interprets a health condition by
considering several components, including body structures and functions, activities,
participation, and contextual factors (environmental and personal). Impairment-based
aphasia therapies have targeted the Body Function/Structures domain, while functional or
compensatory aphasia therapies address the model’s other domains (i.e., activity,
participation, personal and environmental factors) (Martin et al., 2007). Interventions that
target one domain may also influence the other domains. For example, improving
language impairment (such as the ability to name items) might also enhance participation
in everyday activities. Based on the WHO-ICF model, Kagan and colleagues (2008)
developed the Aphasia Framework for Outcome Measurement model (A-FROM). The A8

FROM places QoL for PWA in the center of the model (Kagan et al., 2008), and
conceptualizes body structure/functions, participation, activities, and personal and
environmental factors as contributors to QoL (see Appendix 2, A-FROM model).
Therefore, aphasia therapies that target language impairments directly can serve the goal
of aphasia rehabilitation, which is improving communication and ultimately QoL.
Single word retrieval. The majority of aphasia therapies have focused on single
word retrieval- specifically, the retrieval of nouns (Whitworth et al., 2014). Semantic,
phonological or combined approaches have been used to improve noun retrieval (Laine &
Martin, 2013). Tasks used in semantic approaches focus on facilitating word retrieval
through strengthening the semantic network. Word to picture matching, as well as the
generation and categorization of semantic features are examples of tasks used in semantic
approaches (Whitworth et al., 2014). In contrast, phonological approaches may include
phonological stimulation tasks such as repetition, generating phonological cues (e.g.,
providing the initial sound of the target word) and phoneme segmentation. Phonological
and semantic therapies can overlap, as working on phonology may involve semantic
components. For example, performing a repetition task may enhance the meaning of the
target word as well as its phonological representation, especially if the task is performed
with picture supports (Whitworth et al., 2014).
The generalization of treatment effects to untrained language behaviors is the
ultimate goal of aphasia treatment, leading several studies to address such generalization;
however, conflicting results have been reported (Brady et al., 2016; Wisenburn &
Mahoney, 2009). Training patients on tasks that are linguistically complex tends to lead
to greater generalization to untrained tasks that are less complex. This could be due to the
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fact that a specific language task can be processed in the same neural network regardless
the difficulty level (i.e., simple or complex) and strengthening a neural nework with
complex task makes it more accommodating for performing simple task (Kiran &
Thompson, 2019)In contrast, less generalizability is expected when training patients on
simple linguistic tasks (Thompson et al., 2003). Furthermore, generalization is expected
when naming untrained items that are from the same class as the trained items (e.g., the
same semantic category) compared to those that are not from the same category (Kiran &
Thompson, 2003). Other studies have suggested that generalization to untrained items
seems to be more plausible following semantic therapy, as opposed to phonological
therapy (Kurland et al., 2014; Whitworth et al., 2014). Nickels & Best (1996) in their
analysis of 19 studies using different naming therapies found that both semantic and
phonological techniques were efficacious, but only semantically based therapies appeared
to have more of a generalization effect to untreated items. Therefore, careful selection of
training materials is crucial in aphasia therapy.

1.4

Neuromodulation and Aphasia Therapy
Despite the variety of treatment approaches proposed for aphasia, only modest

evidence has been found with regards to treatment effectiveness (Brady et al., 2016).
With existing aphasia treatments, progress is often slow, and generalization of a treatment
effects can be lacking. Thus, researchers have examined the potential of utilizing
neuromodulation techniques in combination with behavioral or traditional aphasia
therapy to enhance recovery. tDCS is one technique that has been examined as a
therapeutic tool to manipulate cortical activities and induce measurable behavioral
effects, when combined with traditional behavioral therapy (Monti et al., 2013). tDCS is
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non-invasive, portable, and inexpensive compared to other neuromodulation techniques
(e.g., repetitive transcranial magnetic stimulation, rTMS). Thus, there is a growing body
of research using tDCS for aphasia as well as for other cognitive and psychiatric
disorders (e.g., depression).
1.4.1

Transcranial direct current stimulation (tDCS)

Electrical stimulation as a treatment was first recorded in the First Century CE,
when electric catfish and torpedo fish were used to treat epilepsy and headaches
(Kellaway, 1946). In 1870, large electrical devices were used to study cortical
representations of animal limbs. Since then, the clinical application of electric therapy has
been used to treat disorders such as headaches and depression. A growing interest in
electrical stimulation was observed during the 1990s, due to advances in neuroimaging
technologies that allowed researchers to study the effect of electrical currents in the brain.
Early studies using tDCS targeted the primary motor cortex. Nitsche & Paulus (2000)
were able to increase and decrease motor evoked potentials (MEPs) using different
polarities of stimulation. Following initial motor tDCS studies (Antal et al., 2004; Nitsche
et al., 2003; Paulus, 2003), tDCS has been investigated in other areas such as Alzheimer’s
disease (Ferrucci et al., 2008), depression (Boggio et al., 2007), and Parkinson’s disease
(Fregni et al., 2006). Later, the effect of tDCS on language functions were investigated in
healthy participants (e.g., Fertonani et al., 2010) as well as in individuals with post-stroke
aphasia (Monti et al., 2008, Baker et al., 2010, Marangolo et al., 2013).
tDCS includes two or more electrodes placed over the scalp to deliver a weak
electric current (i.e., 1 to 4 mA) into the brain, generating a low electric field between the
electrodes to modulate cortical excitability (Bikson et al., 2016; Nitsche & Paulus, 2000).
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While the initial evidence revealed that neural activities are excited by A-tDCS and
inhibited by C-tDCS (Nitsche & Paulus, 2000), it has been more recognized now that this
explanation is oversimplified and that the tDCS effects are much more complex
(Giordano et al., 2017). tDCS does not induce action potentials but rather interacts with
ongoing neural activities in the brain. In other words, tDCS does not affect inactive
neurons but only stimulate neurons that are close to the discharge threshold. Therefore,
tDCS needs to be paired with a behavioral task in order to have a therapeutic effect (i.e.,
an effect that lasts beyond the moment of stimulation). tDCS effect is known as
activity/state-dependent (affected by the undertaken task and the engaged neural network
under the electrodes) (Fertonani & Miniussi, 2017). Because of the reduced spatial
resolution, conventional tDCS may affect a network of neurons rather than a specific
area. However, since tDCS is state-dependent, the only active network that involved in
processing the undertaken task can be stimulated. Moreover, tDCS effect is non-linear,
and electric current’s orientation toward the target area can influence the stimulation
outcome. Neurons that are aligned with the direction of the current flow are more likely
to be stimulated than others. Therefore, the polarity of the electrodes is not the only
determinant of the stimulation effect. The effects of tDCS are influenced by several
factors other than polarity, such as the size and placement of the electrodes, intensity and
duration of the stimulation, and time of stimulation. Although the exact mechanism of
tDCS is not fully understood, acute effects differ from their long-term counterparts.
Acutely, tDCS is known to modify the flow of ions within the cell, leading to enhancing
or decreasing the neural excitability (Nitsche et al., 2003; Reinhart et al., 2017).
However, long-term effects are explained by different mechanisms, primarily by changes
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in the neurotransmitters resulting in long-term potentiation or depression (Stagg &
Nitsche, 2011). For a detailed description of the mechanism of tDCS and its application
in aphasia, please see the introduction in Chapter 3.
tDCS safety. tDCS is a safe technique with no serious adverse effects when
following safety guidelines. Mild temporary itching and tingling sensations are usually
felt by participants during the stimulation, especially initially, during the ramp-up of the
current. These sensations usually fade quickly after the end of stimulation (Reinhart et al.,
2017). Animal models have shown that brain injury resulting from direct current
stimulation (DCS) may occur at current densities of 6.3 to 13 A/m2 at the cortex level,
which are significantly larger than the current densities of 1.0 to 4.0 mA used at the scalp
level in human studies (Bikson et al., 2016).
1.4.2

Factors that influence long-term effects of tDCS

The stimulation outcome of tDCS can not be explained by a single factor but rather
by a group of interactive factors. Some of these factors are related to the stimulation itself
(current intensity and polarity, timing and duration of stimulation, electrode size and
placement, the distance between electrodes, number of sessions and space between them)
(Woods et al., 2016). Other factors are related to the target area in the brain, such as
neural orientation toward the current and the type of underlying processes (i.e., inhibitory
or excitatory), as well as the nature of the stimulated area (lesioned vs. non-lesioned)
(Bikson et al., 2013). However, the most important factor that drives the outcome of
tDCS is the behavioral task that is paired with the stimulation (Fertonani & Miniussi,
2017; Woods et al., 2016). Therefore, although these factors are presented separately
below, it is critical to consider the complexity and interactive nature of these factors in
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determining the stimulation outcome that also interact with other participants individual
differences.
Intensity of stimulation. Higher intensity of tDCS is known to have a larger effect
(Nitsche et al., 2008); however, most tDCS studies have used 1 mA (e.g., Baker et al.,
2010) or 2 mA (e.g., Kang et al., 2011) stimulation intensities. Although using intensities
up to 4 mA has been shown to be safe in humans (Bikson et al., 2016), using an intensity
higher than 2 mA may affect blinding as the feeling of tingling and itching becomes
strong at higher intensity levels (Aguiar et al., 2015). Another concern in using high
intensity stimulation involves stimulating deeper tissues that are not the target of
stimulation (Nitsche et al., 2008).
Duration of stimulation. Stimulation duration seems to have a significant role in
the long-term effect of tDCS. Initially, longer durations of stimulation were believed to
have longer-lasting effects (Nitsche & Paulus, 2001). In contrast, Monte-Silva et al.
(2013) showed that 26 minutes of stimulation reduced motor excitability, while a shorter
stimulation duration (e.g., 13 minutes) increased motor excitability. Thus, using a longer
duration of stimulation may lead to homeostasis, during which neurons may adapt to the
stimulation which then reduces their activation level (Monte-Silva et al., 2013).
Frequency of sessions and intervals between sessions. Long-lasting effects of
tDCS seem to be sensitive to how frequently the stimulation sessions occur, rather than
the duration of stimulation. tDCS stimulation studies done with animal models have
shown that repeated multiple sessions resulted in cumulative effects (Reinhart et al.,
2017). Monte-Silva et al. (2013) showed that motor excitability lasted longer when they
delivered stimulation in two repeated sessions with a break in between (13 minutes each
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session); however, when the same duration of stimulation (26 minutes) was given without
a break, it led to decreased excitability. These findings suggest that repeated, spaced
sessions of tDCS may trigger long-term potentiation-like effects (Monte-Silva et al.,
2011).
Timing of stimulation (online vs. offline). tDCS by itself does not improve
language but rather creates a neural state, through which synaptic modification creates
optimal learning (Crinion, 2016; Aguiar et al., 2015). It is also suggested that tDCS can
induce an important protein for new learning (brain-derived neurotrophic factor or
BDNF). Therefore, pairing tDCS with behavioral treatment (online tDCS) seems to be
essential for achieving long-term effects from tDCS. Nonetheless, controversial findings
exist regarding the timing of stimulation. In healthy tDCS language studies, offline tDCS
was found to be better than online tDCS (Price et al., 2015; Westwood & Romani, 2017).
See chapter 3 for more discussion of timing factor in tDCS.
The selection of the behavioral tasks given during the stimulation. Tasks
performed during tDCS play an important role in shaping the outcome of stimulation.
The specificity nature of tDCS indicates that tDCS is preferentially modulating an active
network that is engaged in processing an undertaken task and would not affect inactive
networks. Therefore, even if two networks overlap in the same neuroanatomical region,
targeting that region with tDCS would not affect the two networks in the same way
(Bikson et al., 2013). The complexity level of the task paired with tDCS is also crucial in
shaping the outcome of the stimulation. For example, Gill et al. (2015) tested the effect of
task complexity level in two experiments that have the same tDCS stimulation parameters
but differed only in the complexity of the cognitive task used in the two experiments (315

Back vs. 1-Back task). The authors found that the participants who had tDCS paired with
a complex task (3-Back) performed better than those in the other experiment (Gill et al.,
2015). Since tDCS is task-dependent, it is essential to consider functional targets (i.e.,
selecting the appropriate task) along with the anatomical targets.
1.4.3

The application of tDCS to the remediation of post-stroke aphasia

The use of tDCS in aphasia is motivated by evidence of neuroplasticity poststroke. Several studies have investigated the use of tDCS to improve language functions
in chronic post-stoke aphasia, and have found positive effects (Biou et al., 2019;
Fridriksson et al., 2018). With that said, other studies investigating tDCS effects on
language performance in individuals with acute and sub-acute aphasia have not found
significant effects (Biou et al., 2019; Spielmann et al., 2018). One of the main issues in
tDCS research is the lack of evidence on the appropriate dose/montage of tDCS (intensity
of the current, duration of stimulation, number of sessions, and placement of electrodes).
Other methodological issues are related to the behavioral treatment that is combined with
tDCS, as well as the characteristics of PWA (e.g., varied site of lesion, chronicity, and
severity), and the many different measurements or outcomes used in the studies. In
Chapter 4, the application of tDCS for aphasia is discussed in detail.

1.5

Problem statement
Aphasia is a devastating communication disorder that has a significant impact on

QoL. Traditional aphasia therapies are effective in improving language functions and
communication abilities in PWA, however, progress is often slow and limited in severe
cases– full restoration of communication abilities is rarely achieved. There is a critical
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need for therapeutic solutions that can reduce the associated burden of aphasia. tDCS is a
non-invasive, safe, and inexpensive neuromodulation technique that has the potential to
boost language recovery in post-stroke aphasia and reduce rehabilitation duration
compared to traditional therapies alone (Biou et al., 2019; Fridriksson et al., 2018);
however, tDCS has yet to be approved for clinical use.
Despite a growing body of research pairing tDCS with aphasia treatment, there
are several methodological challenges that preclude the use of tDCS in clinical settings.
One of these challenges involves inconsistent findings in tDCS studies with the poststroke aphasia population. This inconsistency of findings is explained mainly by the lack
of consensus on stimulation parameters (e.g., timing of stimulation, electrode placement),
optimal stimulation dosage, and characteristics of PWA who can benefit from stimulation
(Aguiar et al., 2015). Brain re-organization patterns post-stroke and their interaction with
brain stimulation also certainly contributes to the variation observed in tDCS research
outcomes. Another drawback for aphasia research using tDCS is that the majority of
these studies included language therapies that are not proven efficacious in treating
aphasia. For example, computerized naming therapy is utilized in several studies (e.g.,
Baker et al., 2010; Floel et al, 2013), yet its efficacy in improving naming has not been
established (Galletta et al., 2016; Marangolo, 2017).
In general, there is a need to critically evaluate the evidence for using tDCS for
post-stroke aphasia and analyze the methodological rigor of the studies. Also, there is a
need to define the optimal stimulation parameters for people with post-stroke aphasia.
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1.6

Thesis objectives
The purpose of this thesis is to evaluate evidence for using tDCS in people with

post-stroke aphasia, and to optimize outcomes by testing different stimulation parameters.
To address this, three research objectives were determined:
Objective one: To critically analyze the methodological rigor of evidence for using
tDCS to improve naming in post-stroke aphasia. This objective is addressed by
conducting a critical review in Chapter 2. This review has been published in Behavioral
Brain Research (ALHarbi et al., 2017).
Objective two: To examine the effect of concurrent (online) versus sequential
(offline) delivery of tDCS on naming performance in healthy adult participants. This
objective is addressed using a double-blinded, within-subject crossover experimental
study presented in Chapter 3.
Objective three: To examine the effect of tDCS paired with SFA/PCA treatments
on naming ability across three modeled post-stroke recovery patterns in PWA. This
objective is addressed with a single-subject design study using three active stimulation
conditions and is presented in Chapter 4.

1.7

General description of methods
Several methodologies were used to answer the stated objectives. Below is a

general description of the methods used in each study:
For objective one, a critical review method was used to evaluate previous studies
that have utilized tDCS for post-stroke aphasia. The methodological elements of each
study were critically analyzed and appraised with an appropriate tool, based on study
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design. The included studies were classified based on their level of evidence, using
Robey and Schultz’s (1998) five-phase model for conducting clinical outcome research.
To establish reliability of determining the studies’ quality, three reviewers were involved
in the reviewing process.
For objective two, a double-blinded within-subject crossover experimental design
was conducted with two conditions (active anodal-tDCS, sham -tDCS), and a 24-hour
washout period between the conditions. An A-tDCS electrode was placed over Broca’s
area, with a return electrode over the contralateral supraorbital region. The stimulation
duration was 10 min. Naming latency was measured five times during each session: at
baseline, after seven minutes from the beginning of tDCS(online), immediately after
stimulation (offline), after 10 min from tDCS (offline), and after 20 min from tDCS
(offline). Non-parametric (Friedman and Mann Whitney u tests) statistics were used to
analyze the data.
For objective three, a within subject design with three active stimulation
conditions was used. This design was chosen specifically to control for individual
differences usually found in PWA. Also, because the goal of this study was to find the
optimal tDCS stimulation condition, the conditions were selected based on three common
post-stroke recovery patterns. Several methodological considerations were taken to
strengthen the design of the third study. First, the stimulation and treatment dosage used
in each condition was selected in a way that was thought to induce an effect but minimize
any lasting effects. Each condition consisted of only one week (five sessions). Second, a
two-week washout period was selected to minimize carryover effects. Third, to minimize
any learning effects, two forms of picture naming tests were used alternatively to measure
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the effect of tDCS before and after each condition and trained and untrained sets of
stimuli were also employed. In addition, randomization was used to assign the tDCS
condition, the training set used in each condition, the order of SFA/PCA in the sessions,
and the form of Philadelphia Naming Test (PNT).
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CHAPTER 2. TRANSCRANIAL DIRECT CURRENT STIMULATION TO IMPROVE NAMING
ABILITY IN POST-STROKE APHASIA: A CRITICAL REVIEW
2.1

Introduction
Aphasia is an acquired language disorder that occurs most often as a result of

stroke in the left hemisphere of the brain (the dominant language area in the majority of
the population; Davis, 2000). It may affect one or more of the four language modalities:
speaking, understanding, reading, and writing. Although people with aphasia (PWA)
experience impairment of auditory comprehension, repetition, and speech fluency,
anomia (i.e., naming impairment) is the most common deficit observed (Laine & Martin,
2006). Spontaneous recovery is observed in most PWA, most notably during the first
three months from onset (Laska et al., 2001); however, the majority of PWA experience
persistent chronic language deficits that require rehabilitation (Basso & Marangolo, 2000;
Nickels, 2002). The communication impairment caused by aphasia has a significant
impact on the lives of PWA. PWA have reported that their language problems
“negatively influence situations involving communication, alter interpersonal
relationships, provoke a loss of autonomy, restrict activities, and trigger stigmatization”
(Le Dorze & Brassard, 1995, pg. 239).
The fact that anomia is the most common phenomenon of aphasia has influenced
the literature on aphasia treatment. Anomia has been heavily researched, and a number
of treatment approaches to remediate anomia have been proposed and studied. Indeed,
several reviews have shown that speech-language therapy can reduce anomia (Wisenburn
& Mahoney, 2009), and improve language functioning in general for individuals with
aphasia (Brady et al., 2016; Robey, 1998) which is particularly important considering the

21

variability in time post stroke onset, severity, and type of aphasia of PWA included
across these studies. Although aphasia therapy can be beneficial, the progress is often
slow, especially in the chronic stages (Brady et al., 2016).
2.1.1

Transcranial Direct Current Stimulation (tDCS)

Recently, investigators have examined the effects of non-invasive brain
stimulation such as transcranial direct current stimulation (tDCS), to enhance language
functions in patients with post-stroke aphasia (see Aguiar et al., 2015 for a recent
review). tDCS is a neuromodulation technique that can be used to influence cortical brain
activity to induce measurable behavioral changes. In tDCS, a weak electrical current is
delivered to the brain through two electrodes. The most common montage involves a 1x1
configuration where an active electrode is placed over a target area and a “return”
electrode is placed on the contralateral supraorbital area or a region away from the head
(i.e., contralateral shoulder) (Galletta et al., 2015). Both tDCS electrodes interact to create
an electric field that alters cell membrane potentials to modulate the likelihood of
spontaneous neuronal firing. Depending on a number of factors (e.g., intensity of the
tDCS, distance between electrodes, size of electrodes), the targeted cells in the brain are
most likely to depolarize (increase excitability) under anodal tDCS and hyperpolarize
(decrease excitability) under cathodal tDCS (C-tDCS) (Nitsche & Paulus, 2000). Unlike
repetitive transcranial magnetic stimulation (rTMS), tDCS does not induce action
potentials; rather, it interacts with ongoing neural activity in the brain. Therefore, tDCS
should be combined with behavioral therapy in order to have a therapeutic effect on a
targeted skill. When safety guidelines are followed, tDCS is considered a safe technique
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with no significant adverse effects(Antal et al., 2007; Bikson et al., 2016; Nitsche et al.,
2003).
The mechanisms underlying long-term effects of tDCS are different from those
during active stimulation. During active stimulation, tDCS is thought to modulate resting
membrane potentials, whereas long-lasting effects are thought to depend on the induction
of neurotransmitters (e.g., NMDA-R; N-methyl-D-aspartate receptor) through the process
of long-term potentiation (LTP) (Monte-Silva et al., 2013; Nitsche & Paulus, 2000). LTP
contributes to neuroplasticity by increasing connectivity of neurons, which is important
for learning and memory processes (Monte-Silva et al., 2013). Although early studies
suggested the time course of the tDCS after-effect was dependent on the duration of
stimulation (Nitsche & Paulus, 2000), more recent research has shown the time course of
the tDCS after-effect is dependent on a number of factors, including timing of
stimulation, the interval between sessions, as well as factors related electrode montages
and behavioral treatments that are paired with tDCS (Brunoni et al., 2012; Galletta et al.,
2015; Monte-Silva et al., 2013; Manenti et al., 2015). Although the optimal factors that
are responsible for long-lasting effects of tDCS are yet to be determined, effects of tDCS
have been shown to last beyond the moment of stimulation (Nitsche & Paulus, 2001), and
even up to four weeks or even longer in some cases (Marangolo et al., 2013a; Manenti et
al., 2015).
Early studies of tDCS have targeted primary motor cortex. Depending on the
polarity of stimulation, using tDCS over the motor cortex was shown to decrease or
increase motor evoked potentials (MEPs) (Nitsche & Paulus, 2000). Findings from these
early studies encouraged researchers to investigate the effect of tDCS in other domains
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such as cognition. For example, positive effects of tDCS on cognitive functions have
been reported in patients with Alzheimer’s disease (Ferrucci et al., 2008), depression
(Boggio et al., 2007), and Parkinson’s disease (Fregni et al., 2006). Recently, the effects
of tDCS on language functions have been investigated in healthy participants (Fertonani
et al., 2010a; Holland et al., 2011) as well as in patients with post-stroke aphasia (Monti
et al., 2008, Baker et al., 2010, Marangolo et al., 2013).
2.1.2

tDCS for post-stroke aphasia

Investigating the effects of tDCS as an adjunct to aphasia treatment requires a
brief discussion of theories of language recovery. Several brain re-organization patterns
have been observed following left hemisphere (LH) stroke (Hamilton et al., 2011;
Skipper-Kallal et al., 2017; Stefaniak et al., 2020; Xing et al., 2016). Some of these
patterns involve increase activation in perilesional regions in the damaged LH, and others
are related to the observed activation or over activation in contralesional regions in the
intact right hemisphere (RH). Initial studies have shown that the RH might be
beneficially recruited for language when there is extensive damage in the left hemisphere,
whereas activation of perilesional areas in the LH would be more beneficial when the size
of the lesion in the LH is small (Anglade et al., 2014). Transcallosal disinhibition theory
has also been proposed to explain the role of RH. According to this theory, the two
hemispheres are normally regulated and balanced in an inhibitory manner (Chrysikou &
Hamilton, 2011). However, when this balance is disrupted (as in the case of LH damage),
the increased inhibition from the RH may result in poor language recovery in the LH.
Moreover, recent evidence suggests that the role of RH is not only determined by the
lesion size but also by lesion location within the LH. In addition, some parts of the RH
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are considered beneficial, while others are still might be considered ineffective in
recovery. For example, right temporoparietal region has been found to positively
contribute to language productions in people with left stroke with aphasia (Wilson &
Schneck, 2020; Xing et al., 2016). In contrast, right IFG has been described as not
effective or even maladaptive based on consistent evidence from inhibitory rTMS studies
that targeted right IFG (Harvey et al., 2017; Naeser et al., 2012). In a recent rTMS study,
inhibiting right IFG revealed gain naming that lasted for six months (Harvey et al., 2017).
Moreover, an fMRI study also investigated language processing in post-stroke aphasia
and compared between frontal vs. temporoparietal strokes but under auditory
comprehension of sentences task (Stockert et al., 2020). The results revealed that in the
chronic stage, people with frontal lesions showed bilateral activation that were associated
with language processing, while those with temporoparietal stroke showed only left
unilateral activation (Stockert et al., 2020). Despite the available evidence of language reorganization, the question of optimal language recovery pattern is still unclear. However,
factors such as site and size of lesion, type, and stage of aphasia appear to be important
for language re-organization post-stroke (Kiran & Thompson, 2019; Turkeltaub, 2019;
Wilson & Schneck, 2020). Such findings have been used to guide tDCS applications for
post-stroke aphasia. Several studies have used an excitatory montage with A-tDCS as an
active electrode to increase activation in perilesional areas in the LH (Baker et al.,2010;
Vestito et al.,2014). However, others have used an inhibitory montage with C-tDCS as an
active electrode over the intact RH to suppress the presumed maladaptive activation
(Floel et al., 2011; Kang et al., 2011; Sha-Basak et al., 2015), which in turn would
presumably improve language functions. More recently, dual stimulation where both LH
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and RH are simultaneously targeted with A-tDCS and C-tDCS, respectively have also
been utilized to improve language functions in patients with post-stroke aphasia (Lee et
al., 2013; Marangolo et al., 2014).
The first use of tDCS for anomia in aphasia was reported by Monti et al. (2008).
In this study, eight people with non-fluent aphasia had either A-tDCS or C-tDCS over left
Broca’s area with a “return” electrode placed over the right shoulder in order to improve
their naming skills, but no behavioral treatment was paired with the tDCS stimulation.
Naming accuracy improved 33.6% after C-tDCS compared to baseline; but no change
was identified after the A-tDCS or sham condition (Monti et al., 2008). Monti et al.
interpreted their findings to be the result of C-tDCS reducing cortical inhibitory circuits
in the RH, ultimately resulting in improved functioning of damaged LH regions. Since
Monti et al.’s seminal study, there has been an increase in the number of published
studies investigating tDCS for the treatment of anomia, particularly those combining
tDCS with behavioral anomia therapy. However, these tDCS studies for remediating
naming impairments in aphasia have had variable results, likely due to differences in
protocols. For example, researchers have varied the site of stimulation(Baker et al., 2010;
Basat et al., 2016; Friori et al., 2011), stimulation duration (Lee et al., 2013; Manenti et
al., 2015; Monti et al., 2008), size of electrodes, stimulation intensity (Baker et al., 2010;
Monti et al., 2008; Vestito et al., 2014), modality of stimulation (i.e., online, offline), and
electrode montages (e.g., mono-cephalic, bi-cephalic) in order to determine which factors
result in the largest effects. Adding to this variability, there is also heterogeneity in the
characteristics of the behavioral anomia therapy that is combined with the tDCS
stimulation in these studies. With the presence of such variability, it is difficult to
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definitively draw conclusions regarding outcomes of tDCS paired with anomia therapy.
The clinical differences in treatment protocols have been extensively discussed in several
reviews (e.g., Aguiar et al., 2015; Monti et al., 2013; Sandars et al., 2015). These reviews
have concluded that tDCS has the potential to be an efficacious treatment for language
functions when combined with behavioral language therapy. However, there is
consensus amongst these reviews on the need for improving the methodological quality
of tDCS research.
Although, the aforementioned reviews have examined the efficacy of tDCS, there
has been less of a focus on reviews of methodological issues (e.g., study design, control
of biases, appropriate blinding, randomization, allocation concealment, etc.) of the
studies that have investigated the effect of tDCS in PWA. We are aware of only one such
review (Brunoni et al., 2012) that extensively reviewed the challenges in clinical research
with tDCS, including methodological aspects. Although Brunoni et al.’s review provided
a valuable evaluation of the level of evidence for tDCS research according to research
study phase (pre-clinical, Phase I to Phase III), the authors focused on evaluating the
current level of evidence for effects of tDCS in general, rather than focusing on a specific
population or disorder. In addition, the authors did not perform an in-depth analysis of
methodological characteristics of studies investigating tDCS and they did not evaluate the
methodological quality of the studies. Exploring methodological aspects of clinical
outcome research is crucial to determine the validity and quality of existing evidence to
guide clinical decisions and inform future research in the field. Thus, there is a need to
investigate the current level of evidence specifically for using tDCS for anomia, given
that anomia is the most common symptom of aphasia. Evaluating the current evidence
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for tDCS for anomia would help to make informed decisions regarding its efficacy and
effectiveness for remediating language skills, particularly naming, in post-stroke aphasia.
In addition, such a review would help researchers working with tDCS to determine what
the flaws of the current studies are to improve their methodology and advance the
knowledge of tDCS. The purpose of this review is to critically analyze the
methodological rigor and the level of evidence for using tDCS to improve naming ability
in patients with chronic post-stroke aphasia. As such, we will be reviewing studies
reporting on the effect of tDCS to improve anomia, paired with or without behavioral
naming therapy. The clinical characteristics of participants and stimulation parameters
will not be the main focus of this review. Rather, methodological characteristics will be
analyzed and evaluated using three critical appraisal tools: the quality assessment
standard tool for cross-over studies (Ding et al, 2015), the single subject research design
(SSRD) checklist (Logan et al., 2008), and the methodological quality assessment
checklist for randomized controlled trial (Scottish Intercollegiate Guidelines Network
[SIGN], 2013). In addition, the five-phase model that was adopted for clinical outcome
research for aphasia by Robey and Schultz (1998) was used as a framework to classify
the existing evidence into phases of research. Recommendations for future research
investigating tDCS paired with anomia therapy will be discussed.

2.2

Materials and Methods
2.2.1 Identification of the studies
This critical review was conducted by with the help of a research librarian to

develop our search strategy. Four databases were searched (CINAHL, MEDLINE,
28

PsycINFO on February 16, 2016 and EMBase on Jan 27, 2016), and an updated search
was conducted on September 07, 2016. The search strategy was developed by using
different combinations of the keywords: “stroke”,” aphasia”, “anomia”,” transcranial
direct current stimulation” and its synonyms and acronyms [See supplementary
materials]. The reporting of this critical review followed the guidelines proposed by
Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) (Moher
et al., 2009). The aim of the PRISMA statement is to help authors improve the reporting
of systematic reviews and meta-analyses. It consists of a 27-items checklist and 4-phases
flow diagram.
2.2.2

Inclusion/ exclusion criteria

Studies meeting the following criteria were included in the review: 1) participants
were adults with aphasia as a result of unilateral stroke; 2) participants were at least six
months post stroke onset; 3) tDCS was utilized with/without behavioral therapy to
improve language functions; 4) reported the effect of tDCS on naming ability; 5)
published in English. There was no restriction on study design nor the type of behavioral
therapy that was combined with tDCS (if applicable). Studies were excluded for the
following reasons: 1) included participants with bilateral strokes, or had aphasia that
resulted from neurological disorder other than stroke; 2) did not report a behavioral
outcome measure for naming ability; 3) were not original research studies (e.g., reviews),
or if the full text was not found (e.g., poster, abstract). The screening and full text
assessment was conducted independently by two reviewers (MA, EK).
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2.2.3

Data Extraction and Data synthesis

The aim of data synthesis was to allow for critical analysis of the studies
examining tDCS paired with anomia treatment. All the data were synthesized based on
type of stimulation: A-tDCS, C-tDCS, dual stimulation A-tDCS and C-tDCS, either AtDCS or C-tDCS. Data from each study were extracted independently by one author
(MA) using a standardized data-extraction form. Data elements included: study design,
characteristics of the sample, type of intervention, time of follow-up and outcomes. Data
from this review were first analyzed narratively and compiled based on the phases of
clinical research (Robey & Schultz, 1998).
2.2.4 Methodological Quality assessment
2.2.4.1 Critical appraisal tools used to evaluate the quality of the included studies
The critical evaluation of the methodological quality of a body of literature
requires use of an appropriate critical appraisal tool to detect the strengths and
weaknesses of the studies that is accurate and objective. Given that the studies included
in this review were diverse in terms of research design, different appraisal tools were
used in this review to evaluate the methodological quality of each research design. There
were three types of study designs identified in the included studies (crossover design,
single subject design, and randomized control trial with two parallel groups); therefore,
we used three separate critical appraisal tools to evaluate the methodological quality of
the studies.
Crossover Studies. The quality assessment standard tool for cross-over studies
(Appendix 3) was developed by Ding et al. (2015) specifically to evaluate and address
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important elements of the crossover study design (e.g., carry-over effects, randomization
of treatment order) that are not usually covered by other critical appraisal tools. The tool
comprises nine standard items that are derived from the Cochrane handbook (Higgins et
al., 2011), along with expert comments to evaluate the risk of bias (Ding et al., 2015).
Each item can be judged as high, unclear, or low risk of bias. For the “other biases”
domain, we added three items that addressed the quality of the behavioral therapy that
was combined with tDCS, the homogeneity of participants, and the quality in terms of
psychometric properties of the outcome measures used to evaluate anomia changes. The
evaluation of the behavioral therapy that was combined with tDCS was focused on
whether all participants received the same type and amount of therapy or not. The risk of
bias would be judged as low if the study provided the behavioral therapy consistently to
all the participants, unclear if there was no sufficient information about the provided
therapy, and high otherwise. Moreover, three elements were considered to evaluate the
homogeneity of participants in each study. These three elements were: 1) the site and size
of lesion; 2) site of stimulation; and 3) type of aphasia. The participants in a study would
be considered as homogeneous with low risk of bias if they had approximately the same
site and size of lesions, and approximately the same type of aphasia. Otherwise, the risk
of bias in selecting the participants would be high except the participants in the studies
that adopted individualized models of stimulation. Furthermore, if a study used a
standardized outcome measure (e.g., BNT) or computerized naming test that is used in
the same way across all participants in the study, then the risk of bias in the outcome
measure would be evaluated as low. However, if a study used selected pictures (without a
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description of characteristics of the stimuli) to measure the effect of tDCS on naming
then the risk of bias in that outcome measure would be considered as high.
Single subject studies. The single subject research design (SSRD) checklist
(Appendix 4) was developed by Logan et al. (2008) specifically to systematically assess
reliability, internal, and external validity of SSRD. The checklist included 14 questions
that were developed based on reviewing several quality assessment criteria of group
research designs. Each question can be answered by “yes” or “no”. The total score is 14
with one point for each question except questions five and eight, which has two parts
each ascribing 0.5 point (Logan et. al., 2008). Based on the total score, the quality of a
study would be described as strong (11 -14), moderate (7-10), and weak (less than 7).
Randomized controlled trials (RCT). The methodological quality assessment
checklist developed by Scottish Intercollegiate Guidelines Network (SIGN, 2013) was
used for this study. The methodological quality checklist for RCT consists of two main
sections with several yes/no questions under each section. The first section addresses the
internal validity of the study and the second section evaluates overall quality of the study.
Based on the overall evaluation, the study can be rated as high, acceptable, or low quality
(Appendix 5).
The methodological quality assessment was also conducted independently by two
reviewers (either MA/EK, or MA/SAO). Any discrepancies in quality ratings for each
study were resolved by discussion. If consensus could not be reached, a third member of
the review team acted as an arbitrator and made a final decision.
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2.2.5

Data analysis

Robey and Schultz’s (1998) model for conducting clinical outcome research was
adopted to classify the included studies in five- phases from pre-efficacy stage (phase I)
to cost-effectiveness (phase V). The aim of the five-phase model is to provide a structure
to classify the many forms of clinical outcome research in aphasia. Ultimately, this
information should help determine the level of scientific evidence for a treatment
approach. The five-phase model progresses from identifying a therapeutic effect, testing
efficacy, and then effectiveness. Based on this model, each research phase has its own
methodological characteristics that distinguish it from other phases. Proof of concept is
the main feature of the research at the pre-efficacy level (Phase I & II). Phase I
comprises studies that test a new hypothesis, define treatment parameters, and target
populations. Thus, Phase I research may include uncontrolled studies with single subject
design or studies with small sample sizes. Phase II comprises studies that refine
hypotheses, treatment protocols, and target populations to reach the optimal treatment
parameters. Controlled experimental studies with better methodological quality can be
classified as Phase II studies in the five-phase model. Phase III research aims to test the
efficacy of a treatment in a randomized control trial with parallel groups design and large
sample sizes. Studies classified as Phase IV test the effectiveness, that is, they evaluate
the effect of a treatment in average conditions and compare the obtained effect sizes with
those yielded during the efficacy phase (Phase III). The final phase of the five-phase
model (Phase V) is related to cost-effective research, and comprises studies that compare
the value of a treatment with its costs to inform regulatory bodies and policy makers.
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To classify a study based on the five-phase model, we considered the objective of
the study, and methodological characteristics (specifically sample size, study design,
control conditions, blinding of experimenter and participants, and randomization). In
each identified phase, the methodological characteristics were discussed. Although the
discussion of stimulation parameters (e.g., intensity, duration, size of electrode, and target
area) and clinical characteristics of participants is out of the scope of this review, it was
important to consider these factors in the analysis of the tDCS evidence. Therefore,
clinical characteristics of participants and stimulation parameters were selectively
discussed according to its importance for the classification.

2.3

Results
Nineteen studies (Baker et al., 2010; Basat et al., 2016; Fiori et al., 2011; Floel et

al., 2011; Fridriksson et al., 2011; Galletta & Vogel-Eyny, 2015; Kang et al., 2011; Lee et
al., 2013; Monti et al., 2008; Marangolo et al., 2013a; Marangolo et al., 2013b;
Marangolo et al., 2014; Manenti et al., 2015; Marangolo et al., 2016; Meinzer et al.,
2016; Richardson et al., 2015; Shah-Basak et al., 2015; Volpato et al., 2013; Vestito et
al., 2014) were included in this review. Studies were excluded for various reasons such as
type of stimulation, type of participants, and different outcome measures used. For details
see Figure1.
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Figure 2-1. PRISMA Flow Diagram
Preferred Reporting Items for Systematic Reviews and Meta analyses (PRISMA) (Moher
et al., 2009)
This review revealed that the current level of evidence for using tDCS to improve
naming ability in chronic post-stroke aphasia is still at the pre-efficacy level, which
comprises Phase I (5 studies), and Phase II (13 studies) with emerging evidence on
efficacy (Phase III; 1 study) based on the five-phase model of clinical outcome research
(Appendix 6).
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2.3.1

General characteristics of the included studies

In general, there was significant variation in characteristics of participants,
methods used in the studies, treatment protocol and outcome measures (Appendix 6). The
total number of participants from all included studies was 158 patients with chronic poststroke aphasia. The age of participants varied across studies; the average age was 59.42
(SD=6.5) years old. The majority of participants in the analyzed studies were male (n=99
participants; 62.65%). Only 32.3% of participants were females (n=51), and gender was
not reported for eight participants. Time post stroke onset also varied among studies;
with an average across all study participants of 46.92 (SD=21.99) months. Level of
education was reported in 14 studies (73.7%) (Baker et al., 2010; Fiori et al., 2011; Floel
et al., 2011; Galletta & Vogel-Eyny, 2015; Kang et al., 2011; Lee et al., 2013; Monti et
al., 2008; Marangolo et al., 2013a; Marangolo et al., 2013b; Marangolo et al., 2014;
Manenti et al., 2015; Marangolo et al., 2016; Meinzer et al., 2016; Volpato et al., 2013)
with an average of 12.65 (SD=1.97) years of education. 16 studies (84.2%) used a
crossover design with two treatment phases (i.e., active and sham) (Baker et al., 2010;
Basat et al., 2016; Fiori et al., 2011; Floel et al., 2011; Fridriksson et al., 2011; Kang et
al., 2011; Lee et al., 2013; Monti et al., 2008; Marangolo et al., 2013a; Marangolo et al.,
2013b; Marangolo et al., 2014; Marangolo et al., 2016; Richardson et al., 2015; ShahBasak et al., 2015; Volpato et al., 2013; Vestito et al., 2014). Two of the included studies
used a single subject design (10.5%) (Galletta & Vogel-Eyny, 2015; Manenti et al.,
2015). One study was a RCT using two parallel groups (Meinzer et al., 2016).
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2.3.2

Phase I Studies

Five of the studies (26.3%) (Basat et al., 2016; Lee et al., 2013; Monti et al.,
2008; Manenti et al., 2015; Richardson et al., 2015) that investigated the effect of tDCS
on naming ability in chronic post-stroke aphasia were classified as Phase I studies. These
studies included those whose objectives were to test feasibility (e.g., comparing high
definition tDCS with conventional tDCS), or investigating the safety of a new treatment
protocol (e.g., dual stimulation).
2.3.3

Phase II Studies

Thirteen of the studies (68.42%) (Baker et al., 2010; Fiori et al., 2011; Floel et al.,
2011; Fridriksson et al., 2011; Galletta & Vogel-Eyny, 2015; Kang et al., 2011;
Marangolo et al., 2013a; Marangolo et al., 2013b; Marangolo et al., 2014; Marangolo et
al., 2016; Shah-Basak et al., 2015; Volpato et al., 2013; Vestito et al., 2014) were
classified as Phase II studies. These studies included those whose objectives were to
refine hypothesis or to replicate existing studies to define the optimal tDCS parameters
(i.e., site, duration, and intensity of tDCS).
Only one study (5.2 %) (Meinzer et al., 2016) was classified as Phase III. The
study tested the efficacy of tDCS on naming ability in chronic post-stroke aphasia by
using a randomized control trial design with two parallel groups.
2.3.4

Methodological characteristics and identified issues in pre-efficacy studies

The methodological quality assessment revealed several issues that were common across
the studies regardless of the phase of clinical evidence (Phase I, II, or III). Therefore, the
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methodological characteristics will be presented in general across all studies, and not
based on phase. Please refer to Appendices 3-5 for details.
2.3.5

Appropriateness of the study design and carry-over effect evaluation

This parameter refers to the evaluation of whether each study design was
appropriate in capturing the effect of tDCS. A cross-over study design was considered
appropriate if the authors clearly reported the stability of participants’ performance
before the treatment, and if the effect of the first phase of the treatment did not last into
the second phase. The former was not generally an issue as only chronic cases of anomia
were included in this review; the latter was evaluated by examining baseline data before
each treatment phase (Ding et. al., 2014). As mentioned previously, the majority of the
included studies utilized a crossover design (Baker et al., 2010; Basat et al., 2016; Fiori et
al., 2011; Floel et al., 2011; Fridriksson et al., 2011; Kang et al., 2011; Lee et al., 2013;
Monti et al., 2008; Marangolo et al., 2013a; Marangolo et al., 2013b; Marangolo et al.,
2014; Marangolo et al., 2016; Richardson et al., 2015; Shah-Basak et al., 2015; Volpato
et al., 2013; Vestito et al., 2014) with large variability in the duration of the wash out
period between the two phases (i.e., active and sham), ranging from 24 hours to 12 weeks
and the interval between sessions in each phase ranging from one to 48 hours. The main
methodological issue that was identified was inappropriate use of the crossover design.
Only eight studies (50%) (Baker et al., 2010; Kang et al., 2011; Lee et al., 2013;
Marangolo et al., 2013a; Marangolo et al., 2013b; Marangolo et al., 2014; Marangolo et
al., 2016; Shah-Basak et al., 2015) clearly included a carry-over effect evaluation by
reporting baseline data before each phase of treatment. In the remaining studies (n=8,
50%) (Basat et al., 2016; Fiori et al., 2011; Floel et al., 2011; Fridriksson et al., 2011;
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Monti et al., 2008; Richardson et al., 2015; Volpato et al., 2013; Vestito et al., 2014), the
carry-over effect evaluation was not clear. Thus, it was difficult to rule out the carry-over
effect in these studies; that is, there was no way to definitively state that the effect of the
first phase of treatment did not persist into the second phase.
Two of the included studies used a single subject design (10.5%) (Galletta &
Vogel-Eyny, 2015; Manenti et al., 2015). The quality assessment of these studies
revealed low to moderate quality based on the single subject design checklist (Logan et
al., 2008; Appendix 4). Although both studies reported detailed information about the
participants, conducted multiple baselines, and defined the independent and dependent
variables, there was lack of inter- and intra-rater reliability assessment of the tDCS effect
on naming. There was also an insufficient number of data points measured in each phase
of the treatment. Logan et al.’s (2008) criteria recommended at least five data points
measured in each phase of treatment for each participant to be able to determine clear
patterns of treatment effectiveness and compare between phases of treatment.
2.3.6

Randomization of treatment order

Two of the included studies (Baker et al., 2010; Marangolo et al., 2013b) clearly
reported using an appropriate randomization method (e.g., random number generator) to
assign treatment order. Although the majority of the studies (n= 13, 68.40%) (Fiori et al.,
2011; Floel et al., 2011; Fridriksson et al., 2011; Kang et al., 2011; Lee et al., 2013;
Monti et al., 2008; Marangolo et al., 2013a; Marangolo et al., 2014; Marangolo et al.,
2016; Meinzer et al., 2016; Richardson et al., 2015; Shah-Basak et al., 2015; Volpato et
al., 2013) reported that randomization was used, the method of randomization was not
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reported. Randomization was not used in four studies (21%) (Basat et al., 2016; Galletta
& Vogel-Eyny, 2015; Manenti et al., 2015; Vestito et al., 2014).
2.3.7

Allocation concealment

Allocation concealment is a technique used to mask the sequence of assigned
treatment from the investigators to prevent confounding and selection biases (Schulz &
Grimes, 2002). Only one study (5.2%) (Marangolo et al., 2013b) clearly used allocation
concealment and reported the technique (i.e., using an opaque sealed envelope).
However, the majority of the studies (95%) did not use or clearly report how the
allocation concealment was performed.
2.3.8

Blinding the assessor

Blinding is a technique used to prevent detection and performance bias (Ding et
al., 2014). Twelve of the studies (63%) (Baker et al., 2010; Fridriksson et al., 2011;
Galletta & Vogel-Eyny, 2015; Kang et al., 2011; Lee et al., 2013; Monti et al., 2008;
Marangolo et al., 2013b; Marangolo et al., 2014; Meinzer et al., 2016; Richardson et al.,
2015; Shah-Basak et al., 2015; Volpato et al., 2013) reported that the assessor of the
treatment effect was blinded to treatment allocation. Seven of the studies (36.8%) (Basat
et al., 2016; Fiori et al., 2011; Floel et al., 2011; Marangolo et al., 2013a; Manenti et al.,
2015; Marangolo et al., 2016; Vestito et al., 2014) either did not blind the assessor, or it
was not clear whether the assessor was unaware of the treatment condition.
2.3.9

Incomplete outcome data

Incomplete outcome data is a methodological research issue that could
lead to attrition bias. Four studies (21%) (Fiori et al., 2011; Lee et al., 2013; Marangolo et
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al., 2013a; Shah-Basak et al., 2015) reported participants who were lost to follow up.
Percentages of participants lost to follow up varied across the four studies, ranging
between 14.2% and 33%. None of them reported techniques to handle missing data.
2.3.10 Behavioral therapy combined with tDCS
Seventeen studies (89.5%) (Appendix 6) (Baker et al., 2010; Fiori et al., 2011;
Floel et al., 2011; Fridriksson et al., 2011; Galletta & Vogel-Eyny, 2015; Kang et al.,
2011; Lee et al., 2013; Marangolo et al., 2013a; Marangolo et al., 2013b; Marangolo et
al., 2014; Manenti et al., 2015; Marangolo et al., 2016; Meinzer et al., 2016; Richardson
et al., 2015; Shah-Basak et al., 2015; Volpato et al., 2013; Vestito et al., 2014) combined
tDCS with behavioral language therapy, either online (i.e., concurrent with stimulation
sessions) or offline in separate sessions. Although all the included studies reported results
on naming, the characteristics of behavioral therapies used were remarkably diverse
among the studies. Variation was observed in the language tasks used as well as the
duration and number of sessions. Duration of behavioral language therapy sessions
ranged from 20 to 120 minutes per session, and the number of sessions ranged from five
to 15 sessions in each treatment condition.
Eleven of the studies (64%) (Appendix 6) (Baker et al., 2010; Fiori et al., 2011;
Floel et al., 2011; Fridriksson et al., 2011; Kang et al., 2011; Marangolo et al., 2013a;
Manenti et al., 2015; Meinzer et al., 2016; Richardson et al., 2015; Shah-Basak et al.,
2015; Vestito et al., 2014) that used combined therapy focused on naming tasks, and in
these studies, change in naming ability was the primary outcome measure. Six studies
(35%) (Appendix 6) (Galletta & Vogel-Eyny, 2015; Lee et al., 2013; Marangolo et al.,
2013b; Marangolo et al., 2014; Marangolo et al., 2016; Volpato et al., 2013) used
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different approaches, such as therapies that focused on discourse skills and sentence
production. For extensive discussion of the behavioral therapies that combined tDCS for
aphasia see Galletta, Conner, Vogel-Eyny, & Marangolo (2016).
2.3.11 Sample size and homogeneity of the participants
The sample size varied across the studies, ranging from one to 26 participants
with an average of eight participants per study (SD=5). All of the included participants
had chronic aphasia (i.e., time post onset was at least six months) with naming deficits.
Most of the studies excluded participants who had aphasia with apraxia of speech; only
three studies (15.7%) (Baker et al., 2010; Marangolo et al., 2016; Meinzer et al., 2016)
did not consider apraxia of speech as an exclusion criterion. Moreover, only nine studies
were found to have a homogenous sample (47.4%) (Fridriksson et al., 2011; Galletta &
Vogel-Eyny, 2015; Lee et al., 2013; Marangolo et al., 2013b; Marangolo et al., 2014;
Manenti et al., 2015; Marangolo et al., 2016; Richardson et al., 2015; Shah-Basak et al.,
2015) based on the homogeneity criteria mentioned earlier in the method section.
2.3.12 Outcome measure
The majority of the studies used standardized tests that were deemed appropriate
for measuring the outcome of tDCS on naming ability. The Boston Naming Test (BNT)
(Kaplan, Goodglass, & Weintraub, 1978), Aachen Aphasia Test (AAT) (Huber, Poeck,
&Willmes, 1984), and the Western Aphasia Battery-Revised (WAB-R) (Kertesz, 2006)
are examples of outcome measures used. Computerized naming tests, which have been
used in some studies, were also considered appropriate, non-standardized outcome
measures.
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2.4

Discussion
The purpose of this review was to critically analyze the methodological rigor and

the level of evidence for using tDCS to improve naming ability in patients with chronic
post-stroke aphasia. This critical review revealed that the current level of evidence for
using tDCS to improve naming ability in post-stroke aphasia is still at the pre-efficacy
level with emerging evidence at the efficacy level. Moreover, there were numerous
methodological issues in the studies reviewed, including heterogeneity of the participants,
appropriateness of the study design and lack of carry-over effect evaluation, lack of
randomization and allocation concealment, and incomplete outcome data handling.
These issues will be discussed in more detail below.
2.4.1

Methodological issues in Studies Reviewed

2.4.1.1 The heterogeneity of participants
The high level of heterogeneity among participants in the tDCS studies was found
to be one of the challenges. Although inclusion criteria were described by most authors,
criteria were inconsistent among the included studies. For instance, Baker et al. (2010)
included participants with aphasia accompanied by speech apraxia. In contrast,
Marangolo et al. (2013a, b) excluded participants with articulatory deficits to avoid
possible confounding. The majority of the included studies had heterogeneous
participants who varied in their size and site of lesion, and type of aphasia, yet the tDCS
stimulation was delivered to the same selected target area (i.e., Broca’s area) to
participants across the studies. Type of aphasia and site of stimulation are important
factors in post-stroke recovery mechanisms, therefore should be considered when
applying brain stimulation (Turkeltaub et al., 2011; Fridriksson, Richardson, Fillmore, &
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Cai, 2012; Anglade et al., 2014). Moreover, severity of aphasia is another important
factor for post-stroke recovery. Although mostly reported, lack of information about
severity of aphasia was identified as a methodological limitation in some of the included
studies. For instance, ceiling effects are a possible threat to the internal validity that could
result from including participants with mild anomia. Disregarding such important factors
when using tDCS for post-stroke anomia may lead to inconsistent outcomes.
Heterogeneity amongst PWA is one of the challenges in aphasia research,
considering that other disorders such as apraxia of speech may coexist with aphasia.
Therefore, the risk of bias or confounding can be minimized by including measures of
motor speech disorders when selecting participants for tDCS for post-stroke anomia
research.
2.4.2

Appropriateness of the study design

Most of the included studies (84.2 %) used a cross-over design with two treatment
phases (sham and active). Cross-over study designs are used to allocate participants to a
sequence of interventions, which allows comparison between the given interventions.
One of the important advantages that cross-over designs can offer is that every participant
acts as his or her own control; therefore, a sufficient level of power can be achieved with
a smaller sample size since within participant variability is non-existent (i.e., same within
participant’s characteristics). These advantages make cross-over designs suitable for
aphasia research, and mitigate some of the challenges in obtaining large sample sizes, and
several uncontrollable demographic variables that need to be considered when conducting
studies on PWA. Nevertheless, there are some concerns that may impact the validity of a
study using a cross-over design. One of these concerns is a carry-over effect, which is
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when the effect of a given treatment in one phase of a study persists into the second
treatment phase, making the differentiation between the two treatments difficult (Jones &
Kenward, 2014). Furthermore, Robey and Schultz (1998) have argued that cross-over
designs have been invalidated in aphasia research by their carry-over effects. In
behavioral aphasia therapy, the success of an intervention is determined by the
persistence of gains in language or communication functions after the intervention is
stopped. It is possible to measure the effect of active tDCS through comparing the
amount of gain obtained when behavioral aphasia therapy is provided with and without
active stimulation. In the included studies that utilized cross-over designs, the main
methodological issue was that the majority of these studies did not evaluate the carryover effect. This risk is increased in studies that used short wash-out periods (i.e., one
hour). The risk of carry-over effects can be minimized by evaluating and reporting
baseline data before each treatment phase, this data was missing in most of the studies
(n=8) reviewed (Appendix 3). Reporting baseline data prior to each treatment phase may
necessitate the use of alternate forms of assessments or larger pools of stimuli to mitigate
practice effects that may arise.
2.4.3

Randomization and allocation concealment issues

Randomization is a method that is frequently used in clinical research to minimize
selection bias and strengthens the ability to detect the actual treatment effect (Çaparlar &
Dönmez, 2016). In cross-over designs, randomization is related to the order of a
treatment given to a participant. Although 68.4 % (n=13) of the included studies reported
that randomization was used, only two studies described the method of randomization
(Baker et al., 2010; Marangolo et. al., 2013b). Moreover, randomization was not used in
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four of the studies (21%). Lack of allocation concealment was another issue that was
found in the included studies. This refers to hiding the sequence of treatment from the
investigators to prevent selection bias. In this review, only Marangolo et al. (2013b)
clearly reported the process of allocation concealment. According to Schulz and Grimes
(2002), trials that used inadequate or unclear allocation concealment compared with those
that utilized appropriate concealment yielded up to 40% larger estimates of effect in
parallel trials. Given that the studies reviewed did not report allocation concealment
procedures, the likelihood of selection bias to receive the treatments in a determined
order cannot be ruled out. One way of performing allocation concealment is masking the
sequence of treatment conditions from an investigator by hiding the condition number in
an opaque sealed envelope for each participant, to be opened only by the investigator at
the time of conducting the study.
2.4.4

Incomplete outcome data

Four (21 %) of the studies reviewed lost participants to follow up, which was
another methodological issue. The attrition rates ranged between 14.2 % and 33%.
Statistical power to detect an intervention effect could be highly affected by noncompliance or lack of adherence to treatment protocol (Armijo-Olivo, Warren, & Magee,
2009). Although tDCS is a safe technique with no serious adverse effects, it is important
to report reasons for loss to follow up to rule out any adverse effects (i.e., unintentional
induction of seizure) that may occur (Bikson et al., 2016). Reasons for attrition were not
clearly explained in the included studies that reported participants who were lost to
follow up. This could clearly influence results of the study. For example, if an individual
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stays for only one condition and drops out for the second condition due to a side effect,
then the overall treatment effect will be overestimated.
2.4.5

State of the evidence of using tDCS for anomia in post-stroke aphasia

Based on the five-phase model for clinical outcome research (Robey & Schultz,
1998), the 19 studies that met the inclusion criteria for this review comprise Phase I (n=5,
26.3%), II (n=13, 68.4%), and III (n=1, 5.3%) studies. Because the majority of the tDCS
for anomia studies are at pre-efficacy level there is not yet sufficient evidence to
recommend its use. In addition, the optimal tDCS stimulation parameters for improving
naming ability in post-stroke aphasia are yet to be determined. These findings are in line
with the outcome of the recent reviews that have been conducted on tDCS for post-stroke
aphasia (e.g., Crinion, 2016; Sandars et. al., 2016).
Given that the current level of evidence is at the pre-efficacy level, it is not
surprising to observe such variability of treatment protocols and outcomes among tDCS
studies for anomia. It could be argued that this variability also exists because of the
controversial theories of post-stroke recovery mechanisms that tDCS applications for
anomia are based on (Anglade et al., 2014; Chrysikou & Hamilton, 2011). However, the
quality of the methods used to capture the effect of tDCS on naming ability is a very
crucial aspect that could impact research outcomes and lead to inconsistent results if not
adequately addressed. As mentioned earlier, methodological characteristics may differ
based on the research phase. For example, in initial phases of clinical outcome research it
may be acceptable to use single subject study designs without control conditions, to
detect initial effect of a treatment such as tDCS. However, a single subject study design
may not be applicable in later phases of clinical outcome research.
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2.4.6

Limitations

There are several limitations in this review that need to be considered when
interpreting its results. First, only studies on individuals with chronic post-stroke anomia
were included. Including tDCS for naming studies that have been done on healthy
participants and /or individuals with acute aphasia may lead to different results. We
restricted the diagnosis to include only those who were at least six months post-stroke to
minimize confounding factors that could result from including individuals who were in
an acute stage where the possibility of spontaneous recovery is high. Second, the clinical
parameters of tDCS (e.g., polarity, site of stimulation, and position of return electrode)
have not been discussed. Because clinical stimulation parameters have been thoroughly
discussed in several recent reviews (e.g., Monti et al., 2013; Aguiar et al., 2014; Sandars
et al., 2015), the focus of this review was to discuss the methodological characteristics of
the studies rather than stimulation parameters. Nonetheless, we recognize the need to
consider stimulation parameters when assessing the usefulness of tDCS to improve
anomia in post-stroke aphasia. Although the majority of studies reviewed investigated
tDCS in conjunction with behavioral treatment, two studies (Basat et al., 2016; Monti et
al., 2008) examined the effects of tDCS on naming without combining it with behavioral
therapy. Similar issues were identified in these two studies, therefore whether tDCS is
applied with or without behavioral therapy does not seem to impact the methodological
quality of these studies. Finally, it should be noted that the aforementioned
methodological issues are identified based on examining the included studies without
contacting the authors. Therefore, some of these issues might be already addressed by the
researchers but not reported.
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Despite the limitations of this review, we have shown that the current level of
evidence for using tDCS to improve naming ability in chronic post-stroke aphasia is still
at pre-efficacy stages with emerging evidence at efficacy level. Lack of evaluation of
carry-over effects, lack of or unclear randomization and allocation concealment
procedures, blinding, and attrition were found to be the main issues in the included
studies. These issues are strongly related to loss of statistical power to detect the actual
effect of tDCS for post-stroke anomia, which may lead to contradictory and
ungeneralizable research outcomes. Therefore, there is a need to improve
methodological quality of the future studies that investigate tDCS as a possible effective
therapeutic tool that can speed up recovery of language functions including naming in
patients with chronic post-stroke aphasia.
2.4.7

Recommendations

There are several recommendations that should be considered to improve the
quality of the growing evidence for using tDCS for post-stroke anomia and to move
forward beyond the pre-efficacy level. First, studies that adopt general stimulation
approaches which use the same type and site of stimulation should consider including
only participants who are matched in the influential factors such as site and size of lesion,
and type of aphasia. Second, when adopting cross-over designs, tDCS studies should
clearly measure and report baseline data before each treatment condition (e.g., active and
sham). Due to concerns of practice effects with repeated administrations of outcome
measures, assessments with alternate forms or matched sets could be used before and
after each treatment condition when using crossover designs. Third, when combining
tDCS with a behavioral therapy, a clear description of the tasks that are involved in that
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therapy should be provided to allow for accurate evaluation and comparisons between
treatments. Fourth, blinding, and process of randomization and allocation concealment
should be clearly reported to eliminate selection biases. Finally, methodological quality
within each phase of research can be addressed regardless of the research design (e.g.,
single subject, cross-over, randomized control trials). Investigators conducting tDCS
studies for post-stroke anomia should consider consulting the critical appraisal tools
referenced in this study to ensure they are conducting and reporting research of the
highest methodological quality.
In conclusion, the methodological quality of the studies that aim to investigate the
effect of tDCS to improve post-stroke anomia (whether or not tDCS is combined with
behavioral therapy) should be improved. Future studies should address the
methodological issues reported in this review (i.e., lack of carry-over effect evaluation,
randomization, blinding, allocation concealment, and incomplete outcome data).
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CHAPTER 3. COMPARISON BETWEEN THE EFFECT OF ONLINE AND OFFLINE
TRANSCRANIAL DIRECT CURRENT STIMULATION ON NAMING LATENCY IN HEALTHY
ADULTS

3.1

Introduction
Over the last decade, there has been a growing body of evidence to promote the

clinical use of neuromodulation techniques to manipulate cortical excitability, and to
induce long-lasting changes in behaviors of interest. Transcranial direct current
stimulation (tDCS) is one of the most popular neuromodulation techniques due to its
portability, affordability, user safety, and potential to change neural activities of
stimulated areas (Bikson et al., 2016; Nitsche & Paulus, 2000). Due to these advantages,
the therapeutic use of tDCS has been investigated in several fields (i.e., psychiatric,
psychological, and neurological disorders). For example, tDCS has shown to reduce
depression (Fregni et al., 2006), improve working memory in people with Parkinson’s
disease (Boggio et al., 2006), and improve functional balance and gait in children with
cerebral palsy (for extensive review of tDCS use across different disorders see Ciullo et
al., 2020; Farhat et al., 2020; Lefaucheur, 2016).
tDCS consists of two or more electrodes placed directly on the scalp. The polarity
of the electrodes generates a low-level electric field between them that can increase (via
the anodal electrode) or decrease (via the cathodal electrode) excitability in the targeted
area (Nitsche & Paulus, 2000). tDCS effect and its parameters are best understood in
motor regions, and it is unclear whether these parameters are generalizable to other
domains such as language and cognition. In general, it has been more recognized now
that the polarity effect of tDCS (i.e, excitatory and inhibitory effect) is not always
consistent and the stimulation effect depends on several factors (Fertonani & Miniussi,
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2017; Giordano et al., 2017). Some of these factors are related to the electric current (e.g,
intensity, duration, electrode size, timing of stimulation, and current orientation)and
others are related to the targeted area in the brain ( e.g., neural morphology and underling
processes inhibitory or excitatory). In addition, the undertaken task during stimulation is
also a determiner in the overall effect of tDCS.
The task that pairs with the tDCS stimulation is also a critical factor. The
specificity nature of tDCS indicates that tDCS is preferentially modulating an active
network that is engaged in processing an undertaken task and would not affect inactive
networks. Therefore, even in case, two networks are overlapping in the same
neuroanatomical region, targeting that region with tDCS would not affect the two
networks in the same way (Bikson et al., 2013). The complexity level of the task paired
with tDCS is also crucial in shaping the outcome of the stimulation. For example, Gill et
al. (2015) tested the effect of task complexity level in two experiments that have the same
tDCS stimulation parameters but differed only in the complexity of the cognitive task
used in the two experiments (3-Back vs. 1-Back task). The authors found that the
participants who had tDCS paired with a complex task (3-Back) performed better than
those in the other experiment (Gill et al., 2015). Since tDCS is task-dependent, it is
essential to consider functional targets (i.e., selecting the appropriate task) along with the
anatomical targets.
The mechanisms underlying tDCS are complex and have yet to be fully
understood. However, it seems that the acute effect of stimulation is different from the
long-term effect. Although the electrical current produced by tDCS is weak, it is enough
to induce measurable cellular changes. These changes are evident in pharmacological,
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neuroimaging, and neurophysiological studies (Stagg & Nitsche, 2011). Acutely, tDCS
does not cause action potentials. Rather, it interacts with ions flow in the neural cells of
of the targeted area and increase the likelihood of neuron depolarization or
hyperpolarization (Nitsche & Paulus, 2000). Long-term effects of tDCS, on the other
hand, are associated with changes in the neurotransmitter systems (i.e., cholinergic,
serotonergic, and GABAergic) (Reinhart et al., 2017). Specifically, glutamate is known to
have an important role in the excitatory effect of tDCS, while GABA is associated with
the inhibitory effect. The changes in neurotransmitters lead to induction long-term
potentiation (LTP) and long-term depression (LTD; Stagg & Nitsche, 2011),which are
neuroplasticity processes that maintain persistent strengthening of neuronal connectivity
to support long lasting effects (Cooke & Bliss, 2006).
tDCS has also been shown to enhance a production of the brain-derived
neurotrophic factor or (BDNF), a protein that is important for new learning (Fritsch et al.,
2010). A-tDCS has been found to increase the level of BDNF, while C-tDCS decreases it
(Fritsch et al., 2011). Recently, Fridriksson et al. (2018) found that the benefit of aphasia
therapy combined with tDCS for naming depends on the BDNF genotype. Specifically,
those with typical genotypes (Val/Val) showed greater benefits from tDCS with aphasia
therapy, compared to those with an atypical BDNF genotype (Met allele carriers)
(Fridriksson et al., 2018). This finding suggests that even participants who share the same
clinical presentations may respond differently to tDCS if they have different BDNF
genotypes.
Although the impact of tDCS is evident in changes at the cellular level, tDCS
effects also interact with neural topography and the orientation of the current toward the
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target area can shape the outcome (Reinhart et al., 2017; Woods et al., 2016). Neurons
that are aligned with the direction of the current flow are preferentially polarized by tDCS
compared to those that are not aligned (Hannah et al., 2019). Additionally, different types
of neurons require different stimulation thresholds (Stagg & Nitsche, 2011). For example,
nonpyramidal neurons require less intensity to stimulate (i.e., hyperpolarize or
depolarize) compared to pyramidal neurons (Purpura & McMurtry, 1965). In addition,
the presence of a brain lesion under the stimulation electrode affects the current flow
compared to stimulating healthy tissue (Woods et al., 2016). Fridriksson and colleagues
modeled current flow in the brain of a stroke patient and found that when targeting
perilesional areas, some of the current funneled and concentrated in the center of the
lesioned area rather than in the perilesional area (Fridriksson, et al., 2011). Therefore,
type, location, and nature of the stimulated neurons are critical in the stimulation
outcome. By itself, tDCS does not change behavior but through synaptic modifications
creates a neural state that is optimal for learning (Aguiar et al., 2015; Crinion, 2016).
Therefore, in order to obtain long-lasting changes in a particular behavior, it is important
to integrate tDCS with the behavior in question (Aguiar et al., 2015; Galletta et al., 2016).
However, the optimal timing between the tDCS and the paired behavioral task is not yet
clear, especially in language studies. It is possible that tDCS used concurrently with a
behavioral task (online) or separate from the task (offline) may affect learning and have
different therapeutic effects.
Online stimulation has been shown to be superior to offline stimulation in several
cognitive (Martin et al., 2014) and motor studies (Kim et al., 2012; Sriraman et al., 2014).
For instance, Martin and colleagues (2014) found that participants responded better when
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a dual n-back working memory task was paired with concurrent (online) stimulation. In
contrast, other studies concluded that offline tDCS was more effective(Bradnam et al.,
2010; Jeffery et al., 2007a; Miyaguchi et al., 2013). Conflicting findings are also apparent
in studies combining tDCS with language treatment. Fertonani et al. (2014) investigated
the timing effect of A-tDCS over the left dorsolateral prefrontal cortex (DLPFC) on
naming tasks, while comparing older and younger adults. Their results showed that older
adults’ naming performance was better during stimulation (i.e., online) than after
stimulation, while the naming performance of younger adults improved but was not
affected by the timing of stimulation. On the other hand, in the meta-analysis of Price and
colleagues (2015), the effect of offline stimulation was significantly better relative to
online stimulation in studies that used language outcome measures (i.e., accuracy and
reaction time of verbal fluency and verbal learning). This finding was corroborated by a
recent meta-analysis that included only studies that had language production measures
(i.e., naming accuracy and reaction time) and a conventional tDCS montage (i.e., A-tDCS
over left hemisphere and C-tDCS over the contralateral area) (Westwood & Romani,
2017). Horvath and colleagues (2014) suggest that online tDCS stimulation interferes
with the task behavior, which may negate or abolish its intended effect. With that said,
when tDCS is administered offline, there is no interference, and the task is supported by
the long-term potentiation or depression from the previous stimulation session.
Therefore, the timing of stimulation is critical for the application of tDCS in language,
and this interference hypothesis suggested by Horvath and colleagues (2014) along with
factors such as task complexity warrants further investigation(Gill et al., 2015).
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There are several studies that have investigated the effect of tDCS on language
function in healthy participants (Fertonani et al., 2010a; Sparing et al., 2008; Westwood
& Romani, 2017). Sparing et al. (2008) investigated the effect of tDCS on naming
latency in healthy participants by targeting the posterior perisylvian region (PPR) with
different polarities. This study had four tDCS conditions (two active and two sham): The
two active conditions were C-tDCS over PPR and A-tDCS also over PPR. The control
conditions included an S-tDCS and A-tDCS over the right homologue of PPR. The
authors used ten pictures from Snodgrass and Vanderwarts’ (S&V; Snodgrass &
Vanderwart, 1980) stimuli that were matched on psycholinguistic features (i.e.,
familiarity, imageability, frequency) to measure naming latency. To reduce practice
effects, the participants named the same stimuli several times before eventually naming
them in the experiment. In each session, stimulation lasted for seven minutes. Naming
latency was tested before stimulation, during stimulation (after five mins from the
beginning of the stimulation), and three times after the stimulation concluded
(immediately after, 5 mins after, and 10 mins after the end of stimulation). Results
revealed that naming latency significantly improved in the A-tDCS over PPR condition,
compared to the other conditions. The Sparing et al. (2008) study is among the first to
investigate the effects of tDCS on language functions within a single session. Since then,
tDCS for language research has increased exponentially. Despite the large number of
tDCS studies conducted in the last decade, controversial findings still exist. Furthermore,
reproducibility of initial studies is low (Buch et al., 2017). Recently, several researchers
have been calling for re-evaluating the evidence on using tDCS, especially evidence
derived from single-session tDCS protocols for healthy participants(Vannorsdall et al.,
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2016; Westwood et al., 2017). Although the main purpose of this study is to investigate
the timing factor of tDCS, the Sparing et al. (2008) study will be partially replicated.
The purpose of this study is to examine the effect of tDCS on naming latency,
when delivering tDCS concurrently (online) compared to sequential (offline) in healthy
adults. In support of the interference hypothesis proposed by Horvath and colleagues
(2014), we hypothesize that naming latency will improve after-stimulation (offline)
compared to during-stimulation (online) or to baseline naming latency. In addition, we
hypothesize that naming latency during the stimulation (online) would be slower
compared to baseline naming latency.

3.2

Methods
3.2.1

Participants

Twenty-six healthy participants (21 female & 5 male) (mean age= 25.2 years,
SD=3.26) were recruited from the University of Alberta. Twenty-three of the participants
were postgraduate students and three participants were undergraduate students. All
participants met the inclusion criteria for the study: 1) 18 years old or above; 2) English
as a primary language; 3) intact cognitive function, vision, and hearing as determined by
screening tests; 4) right-handed; and 6) no history of neurological illness. Individuals also
had no contraindications to receiving tDCS (i.e., were free from seizures, previous brain
surgery, and implanted electrodes in the brain).
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3.2.2

Study design

The experiment was completed using a crossover, within-subject design with two
conditions active tDCS and sham tDCS.Participants served as their own control. Please
see Figure 3-1, which depicts the sequence of testing per session. The same sequence was
used for the sham and active conditions.

Figure 3-1 Sequence of testing reaction time in each session.
T1: baseline, T2; online testing, T3: immediately post-tDCS, T4: 10 min after tDCS, and
T5: 20 min after tDCS.

3.2.2.1 Transcranial direct current stimulation
Stimulation (A-tDCS or S-tDCS) was delivered for 10 minutes during each
session. This duration has proven adequate in inducing measurable changes in naming
latency (Fertonani et al., 2010). The anodal electrode was placed on the scalp over left
Broca’s area with a return electrode (C-tDCS) over the contralateral supraorbital area.
Targeting frontal language area with A-tDCS has been shown to improve naming
reaction time and verbal fluency in previous studies (Fertonani et al., 2010; Holland et al.,
2011). For the active tDCS condition, a constant current stimulator was used to deliver
1.5 mA for 10 minutes in each session, via two saline-soaked sponge electrodes (5cm x
7cm) (OASIS PRO; MindAlive, Edmonton, Canada). Although 1 to 4 mA intensity has
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been shown to be safe and can induce measurable changes in human studies, selecting a
current that is below 2 mA is thought to be better for blinding when include sham tDCS
condition(Bikson et al., 2016; de Aguiaret al., 2015). During the sham-tDCS condition, 1
minute of stimulation was delivered via a ramp up/down procedure, as perceived
sensations from tDCS have been found to stop after the first minute of administration.
This condition therefore serves as an adequate placebo for active stimulation (Schlaug et
al., 2008).
3.2.2.2 Procedures
After obtaining consent, each participant was screened for handedness, hearing,
vision, and cognitive abilities. After screening, each participant was asked to perform
four practice trials of naming ten pictures as quickly and accurately as possible to avoid
possible learning effects during the experiment (Sparing et al., 2008). Each participant
was randomly assigned to start with either the active A-tDCS or S-tDCS condition.
Allocation to condition was concealed and was assigned by a person not involved in the
current study. A random number generator was used, and the condition assignment for
the initial session was concealed in an opaque sealed envelope. Both participants and the
experimenter were blinded to the tDCS conditions; the device was preprogrammed by the
manufacturer not directly involved in the study.
Each participant completed two sessions, one active and one sham-tDCS, with at
least 24-hour washout period. Similar to Sparing et al. (2008), each participant completed
the naming test 5 times in each session: baseline (T1), during the stimulation at about
seven minutes from the beginning of the stimulation (T2), immediately after the end of
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stimulation (T3), 10 minutes from the end of stimulation (T4), and 20 minutes from the
end of the stimulation (T5) (Figure 3-1).
During the session, participants sat in a testing suite in front of a computer screen
with a microphone and stand 5 cm away from their mouth. Verbal responses were
recorded for later analysis of naming latencies. The participants were instructed to name
the pictures as they appeared on the screen as quickly and as accurately as possible.
Naming accuracy was assessed by the experimenter during each naming trial. In between
the five testing points (T1 to T5), participants were instructed to do a non-language task
(coloring) that was unrelated to the naming task in this experiment.
3.2.2.3 Stimuli
Similar to Sparing et al. (2008), ten pictures of common high-frequency objects
(selected from S&V stimuli; see list in Appendix 7) were used as test items (Snodgrass &
Vanderwart, 1980). The pictures were matched in familiarity, imageability, and are
known to have the smallest standard deviations in naming latency across healthy
individuals based on MRC Psycholinguistics Database (Coltheart, 1981). The stimuli
were programmed in E-prime software (Psychology Software Tools, Pittsburgh, PA) to
ensure random presentation. Pictures were presented twice for a total of 20 trials; each
picture appeared for 500 ms with a 1000 ms interval between pictures. The entire naming
session took approximately 40 minutes.
3.2.2.4 Dependent measure
The effect of tDCS on naming latency was measured in milliseconds. Naming
latency was defined as the time (in milliseconds) between the onset of tone that indicates
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the presentation of the picture and the onset of voicing of correct words. A tone was
presented at the time of stimulus onset to allow for calculation of naming latency.
3.2.2.5 Analysis
All data were transferred from E-prime to a Microsoft Excel workbook for
screening, and to eliminate any missing data (i.e., due to an error in voice key activation)
that exceeded 25% of the total data at any testing point (e.g., T1). After screening,
medians of reaction time were calculated for all participants and at each testing point.
Descriptive statistics were performed using SPSS v.20 (IBM Corp, 2016). Particularly,
the Friedman test was conducted with two factors, conditions (sham and active) and time
(T1, T2, T3, T4, and T5). A within-condition comparison between baseline (T1), T2
(online stimulation) T3, T4, and T5 (offline stimulation) was conducted, as well as a
between-conditions comparison (A-tDCS and S-tDCS).

3.3

Results

4.3.1 Sensation ratings and adverse effects reporting
All participants except one (P26) tolerated the stimulation and sham conditions
without serious adverse effects, although some common stimulation discomfort was
reported (please see Appendix 8). P26 did not complete the first session due to reports of
dizziness immediately after beginning the stimulation. It was later determined that this
was likely due to anxiety rather than the tDCS itself; however, this participant was
excluded from the study and analyses. In addition, three participants (P4, P6, and P8)
were removed from further analyses due to missing reaction time data that exceed 25% of
the total data collected from each participant.
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4.3.2 The tDCS effect on naming latency
To explore the data, figures depicting median naming latencies were created for
all participants across the two conditions (Figure 3-2), for the participants in the first
session only (Figure 3-3), and for the participants in the second session only (Figure 3-4).
Individual performance for all participants in both active and sham conditions are shown
in Figure 3-5 and Figure 3-6, respectively. Due to reduced sample size, a non-parametric
test was used. A Friedman test was performed with factors condition and time across the
two sessions but did not show significant differences in naming reaction time, between
conditions and across testing points (T1, T2, T3, T4, and T5), X2(4)=8.825, P=0.066.
A further analysis was conducted using the MannWhiteny U test, to determine if
there were significant differences between the online stimulation testing points (T2) in
the active condition compared to the same point (T2) in the sham condition. The MannWhitney test indicated that the online stimulation in the active condition (Mdn=535) was
not significantly different from the online stimulation (T2) in the sham condition
(Mdn=542.72), U=240, P=0.96 (Figure 3-7).
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Figure 3-2 Comparison between Active tDCS condition (A-tDCS) and sham tDCS
condition (S-tDCS) for all participants across all the testing points based on medians of
naming latency.
T1: baseline, T2; online testing, T3: immediately post-tDCS, T4: 10 min after tDCS, and
T5: 20 min after tDCS.
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Figure 3-3 A-tDCS vs. S-tDCS in the first session
T1: baseline, T2; online testing, T3: immediately post-tDCS, T4: 10 min after tDCS, and
T5: 20 min after tDCS.
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Figure 3-4 A-tDCS vs. S-tDCS in the second session for all participants
T1: baseline, T2; online testing, T3: immediately post-tDCS, T4: 10 min after tDCS, and
T5: 20 min after tDCS.

Figure 3-5 Comparison between online stimulation during active and sham conditions
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3.4

Discussion
This study investigated effects of timing (online vs. offline) in the application of

tDCS on Broca’s area, on naming latency in healthy participants within a single session
tDCS protocol. This study design was similar to Sparing et al. (2008), but with an
increased duration stimulation to 10 minutes and a different target (Broca’s area as
opposed to Wernicke’s area). Also, we limited the tDCS conditions to A-tDCS and StDCS as opposed to the four conditions (A-tDCS over left posterior perisylvian region
(PPP), C-tDCS over left PPP, A-tDCS over homologous language area, and S-tDCS) that
were used in Sparing et al.’s (2008) study. In contrast to the results of Sparing and
colleagues, our results revealed no significant effect of a single A-tDCS session on
naming latency in healthy participants. Therefore, it was impossible to determine whether
online/offline timing had an effect on naming latency. There are several reasons we
propose that could explain why a tDCS-effect was not found in this study, including
duration of the stimulation, variability of naming latency at baseline, and difficulty level
of the task.
The characteristics and number of stimuli chosen in this study may have not been
appropriate or sufficient to detect a stimulation effect. We chose high-frequency pictures
of common objects, with participants practicing naming the stimuli several times before
the experiment. This approach is similar to those adopted in previous studies (Mottaghy
et al., 2006; Sparing et al., 2008). The rationale for this approach was that stimulus names
would be easily retrieved, thus any changes to naming latency would reflect tDCS
stimulation rather than cognitive load; however, this approach may be ineffective in
detecting the possible, yet small, tDCS effect on naming latency in healthy participants.A
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ceiling effect may have occurred in this study. Using a larger number of stimuli and lowfrequency pictures of common objects with a wider range of age may have shown
different results in our study.
Duration of tDCS stimulation varies significantly across tDCS studies and is
known to be an influential factor affecting tDCS effects. A transient modulation effect in
motor evoked potentials has been demonstrated with tDCS stimulation durations as short
as 4 seconds (Nitsche & Paulus, 2000). However, 10 mins and 20 mins tDCS durations
are frequently used and have been shown to have lasting effects in healthy and disordered
populations (see recent reviews: Bikson et al., 2016; Dedoncker et al., 2016). Our study
did not show an effect of tDCS on naming latency, despite using a longer duration of the
stimulation session (10 minutes) compared to Sparing et al. (7 min), who yielded
measurable changes in naming latency. Notably, a recent meta-analysis of 14 studies that
utilized a conventional single tDCS (i.e., A-tDCS over the left hemisphere) session in
healthy participants showed no significant effect of tDCS on reaction time nor accuracy
(Westwood & Romani, 2017). The stimulation durations of these 14 studies ranged from
7 to 37 minutes (Westwood & Romani, 2017). For example, Wirth et al. (2011) used 1.5
mA A-tDCS for 37 minutes over DLPFC in 20 participants to improve naming reaction
time but did show significant effects compared to sham tDCS. With that said, the
duration of stimulation is part of other interactive factors that form the dose of tDCS (i.e.,
polarity, intensity of the current, electrode size and place) (Bikson et al., 2016).
In our study, the tDCS effect was absent despite choosing the conventional tDCS
parameters used consistently across several studies that have yielded positive results (10
minutes of 1.5 mA of A-tDCS over Broca’s area and C-tDCS over right supraorbital with
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5x7 cm electrode) (e.g., Sparing et al., 2008). For example, several studies have used
single tDCS sessions but have failed to find significant changes across different tasks,
such as picture naming, word reading (Westwood et al., 2017), the Stroop task (Jeon &
Han, 2012), reading speed (Boehringer et al., 2013), and picture-word interference tasks
(Henseler et al., 2014). It is possible that different tasks require different doses of tDCS,
which might vary across individuals (Reinhart et al., 2017; Woods et al., 2016). For
example, Fertonani et al. (2010) used the same intensity of stimulation (2 mA) which
yielded different results in the two experiments. Although, the same area was targeted
(i.e., DLPFC) in those experiments to improve reaction time in naming actions and
objects (Fertonani et al., 2010).
The target area is another crucial factor in brain stimulation. In our study, we
targeted the left Broca’s area; however, it is possible that naming latency may improve
more when targeting the posterior language region (i.e., Wernicke's area), given the role
of Wernicke's area in lexical processing. Mottaghy et al., (2006) in several experiments
showed that using TMS and rTMS over Wernicke's area significantly improved naming
latency in healthy participants compared to other conditions where the stimulation
targeted frontal areas, motor areas, or non-dominant right Wernicke's area.
The lack of a tDCS effect might also be explained by the intra- and interindividual variability of naming latency at the baselines of the two conditions (A-tDCS
and S-tDCS). In our study, although the difference between the participants baseline
scores of the two sessions was not significant, it was approaching significance (p
=0.075). This indicates some intra and inter-subject variability and non-equivalent
baselines, despite the random assignment of participants to conditions. The influence of
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baseline variability has been shown in several tDCS studies, and the effect of tDCS is
believed to be sensitive to baseline cortical excitation (Berryhill, 2014; Miniussi et al.,
2013; Westwood & Romani, 2017). Moreover, performing sub-analyses based on
condition order as a factor (i.e., which condition each participant received first) to
account for possible carry-over effect did not change the results in our study (lack of
tDCS effect).
The effect of tDCS is known to be small compared to other brain stimulation
techniques, such as rTMS (Reinhart et al., 2017). Therefore, it has been argued that it is
easier to elicit the effect of tDCS in people with brain damage such as aphasia than in
healthy participants (Woods et al., 2016). This argument is justified when considering
that tDCS is brain state-dependent (i.e., level of excitation at the time of stimulation), and
that those with brain damage have altered cortical excitation, meaning that damaged
brains have more potential to be modulated by the tDCS (Hummel et al., 2006). Applying
this study to patients with neurological impairments, such as aphasia, may have yielded
different results.
Finally, the difficulty level of the task used to measure the effect of tDCS is also a
crucial factor to be considered. Difficult tasks are known to be more sensitive to showing
an effect of tDCS compared to easier tasks, given that tDCS is added to the ongoing
neural activity rather than inducing action potential (Berryhill, 2014). Reaction time has
been frequently used as a language outcome measure in healthy and people with aphasia.
Also, tDCS has been shown to improve reaction time when used in people with poststroke aphasia (Fridriksson et al., 2011). However, in this study, it is likely that the task
was too simple for the participants, and the ceiling effect might have masked the effect of
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tDCS. In Addition, all of the participants were young adults with an age mean of 25.3
(3.2). This might also limit the benefit from tDCS in this study. Since neuroplastic
changes are known to be different across age populations, including people with a wider
age range would have yielded different results. Moreover, the sample size could be an
issue in this study. It is likely that a larger sample is needed in order to detect the small
additive effect of tDCS.

3.5

Conclusion
The effect of the timing factor of tDCS (online vs. offline) on naming latency in

healthy participants could not be demonstrated in the current single-session study. In our
study, the lack of significant tDCS effects could be attributed to several interactive
factors (i.e., stimulation duration, baseline variability, and the stimuli used to elicit the
effect of stimulation) rather than a single factor such as timing. Our results are supported
by a recent meta-analysis of studies that used conventional tDCS single sessions for
language production (Westwood & Romani, 2017). Future tDCS studies should use more
challenging language production tasks for a longer duration of stimulation, with repeated
sessions to investigate the effect of timing of stimulation as well as other important
factors.
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CHAPTER 4. FINDING THE OPTIMAL TDCS MONTAGE BASED ON STROKE RECOVERY
PATTERNS TO IMPROVE NAMING IN PEOPLE WITH POST-STROKE APHASIA
4.1

Introduction
Aphasia is an acquired language disorder that mostly occurs after stroke, and it

affects about one-third of stroke survivors (Simmons-Mackie, 2018). The language
deficits in aphasia can present in different forms that involve one or more of the language
modalities (speaking, reading, writing, and auditory comprehension), but naming deficit
is the hallmark of aphasia (Dickey et al., 2010). Impaired verbal communication is one of
the most devastating consequences of aphasia. Aphasia can limit everyday interactions,
impact social relationships and psychological well-being, and restrict activities and
participation (Brown et al., 2012; Hilari, 2012).Although effective, aphasia therapy may
take weeks to years in order to see considerable effects of improvement (Brady et al.,
2016).
Optimizing recovery from post-stroke aphasia has been the focus of many studies
conducted within the field of aphasiology. Based on evidence from neuroimaging studies,
brain reorganization or neuroplasticity post-stroke is the driving force for recovery from
aphasia(Crosson et al., 2019; Kiran & Thompson, 2019; Raymer et al., 2008). The brain
reorganization could occur spontaneously in the acute and subacute phases of the stroke,
or it can be achieved by implementing behavioral language treatments, especially those
that follow experience-dependent neuroplasticity principles in any stage of stroke
(Crosson et al., 2019; Kiran & Thompson, 2019; Raymer et al., 2008; Turkeltaub, 2019;
Turkeltaub et al., 2011). Moreover, for over a decade, transcranial direct current
stimulation (tDCS) has been proposed as a potential adjuvant treatment that can further
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support the available behavioral aphasia therapies (Bucur & Papagno, 2019; Crosson et
al., 2019; Fridriksson et al., 2018). Although the available evidence suggests that tDCS is
better than sham in improving language functions, including the naming ability
(Fridriksson et al., 2018), there are still many challenges that need to be addressed in
order to optimize its use with PWA. Therefore, the goal of this study is to test the effect
of tDCS combined with two evidence-based aphasia treatments in several tDCS
montages. In the following sections, the two evidence-based treatments (Semantic
Feature Analysis and Phonological Component Analysis) that are selected to be paired
with the stimulation will be described, followed by an introduction about tDCS in aphasia
and the objectives of this study.
4.1.1

Semantic Feature Analysis (SFA) and Phonological Component Analysis
(PCA)

Semantic Feature Analysis (SFA) is a form of naming therapy that has been
shown to be effective when used with PWA with naming deficits (Boyle, 2010). SFA
involves the generation of semantic features of a presented concept. SFA is driven by
models of lexical retrieval that suggest that when a representation of a concept is
presented (e.g., picture of car), several features for that concept (e.g., used for
transportation, has four wheels) are activated through the semantic network. The
activation of these features eventually leads to the selection of the appropriate name (car).
In some cases, naming deficits are a result of a breakdown in the semantic network
(Hashimoto & Frome, 2011). Therefore, using SFA can be helpful in strengthening the
semantic network and facilitating the naming process. SFA is known to have a positive
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effect on naming and other language measures, despite the amount and intensity of
therapy provided (see recent systematic review that included 21 SFA studies Efstratiadou
et al., 2018).
Phonological Feature Analysis (PCA) is another form of naming therapy, which
focuses on promoting the phonological features (e.g., initial phoneme, number of
syllables) of a presented concept (Leonard et al., 2008b). In PCA, PWA may be asked to
name a picture and generate several phonological features of the target word. For
example, the features for the target word “car” may include a target word rhyme (e.g.,
star), an initial sound association (e.g., cat), and the number of syllables (one). The main
idea is to train PWA to be able to name the presented pictures independently. A cueing
hierarchy is provided by the clinician as needed.
Both approaches (SFA and PCA) can be integrated to remediate word retrieval
deficits in PWA. Since impairments in word retrieval may involve breakdowns in
semantic or phonological processes, or both, using both therapy approaches may lead to
maximum improvement in naming performance (Hees et al., 2013). Moreover, both SFA
and PCA have been shown to be effective in the generalization to naming untreated
items, regardless of the amount and intensity of therapy applied (Boyle, 2010; Leonard et
al., 2008; Hees et al., 2013).
The issue with most aphasia interventions, including SFA and PCA, is that
progress is often slow, and limited in severe cases–full restoration of communication
abilities is rarely achieved. Thus, researchers have explored neuromodulation techniques
to enhance existing traditional aphasia interventions. tDCS is one non-invasive
neuromodulation technique that has the potential to enhance language recovery in post72

stroke aphasia and reduce rehabilitation duration compared to traditional therapies alone
(Biou et al., 2019; Fridriksson et al., 2018). However, tDCS has not yet been approved
for clinical use. The evidence of tDCS in aphasia is still at pre-efficacy/efficacy level
(ALHarbi et al., 2017) and there are many methodological challenges that need to be
addressed in order to produce stronger evidence.
4.1.2

Transcranial direct current stimulation (tDCS)

Fueled by advances in neuroscience, aphasiologists have begun applying noninvasive brain stimulation as an adjunct to traditional speech-language therapy (SLT) to
enhance treatment-induced neural plasticity. tDCS is non-invasive and uses low current
electrical stimulation (1-4 mA), directed between two or more saline-soaked electrodes
placed on the scalp (Bikson et al., 2016). Although the physiological mechanisms
underlying tDCS effects are not yet fully understood, it is thought that different processes
are responsible for changes in neural activation during and after stimulation (Sandars et
al., 2015). During stimulation, tDCS is thought to modulate ongoing neural activity by
altering neuronal resting membrane potentials. Anodal stimulation causes depolarization,
having an excitatory effect, whereas cathodal stimulation causes hyperpolarization,
inhibiting neuronal activity (Nitsche & Paulus, 2000). This stimulation can alter the
neurotransmitters present in the brain, which eventually leads to longer-lasting changes in
synaptic strength. This proposed mechanism is thought to underlie the longer-term poststimulation effects that have been observed following tDCS stimulation (Stagg &
Nitsche, 2011). However, tDCS effects are influenced by several factors other than
polarity. For example, size and placement of the electrodes, intensity and duration of the
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stimulation, and time of stimulation are all influential factors in the outcome of tDCS
(Woods et al., 2016).
In the past decade, researchers have investigated the use of tDCS for post-stroke
aphasia, yet results have been inconsistent (Biou et al., 2019; Bucur & Papagno, 2019;
Fridriksson et al., 2018). tDCS modeling in post-stroke aphasia studies has provided
evidence on critical factors that can shape the outcome of tDCS and potentially
responsible for the discrepancies found in tDCS aphasia literature (Datta et al., 2011;
Fridriksson, 2011; Galletta et al., 2015). Specifically, these factors are related to the
effect of stroke lesion on the current flow and the role of stimulation parameters,
including the return electrode that has not been given much importance in some studies
(for further discussion please see section 4.1.2.2 below). Since lesion size and site varied
across PWA, it has been recognized that using one montage across different types of
aphasia may not be effective (de Aguiar et al., 2015). To address this issue, several
researchers have adopted an individualized tDCS approach (Cherney et al., 2013;
Fridriksson et al., 2018; Shah-Basak et al., 2015).
4.1.2.1 Individualized tDCS approach.
In the individualized tDCS approach, polarity and placement of electrodes are
tailored to each patient’s characteristics in order to create the optimal stimulation
montage. Neuroimaging data (MRI or fMRI) is used in current modeling software to
guide the current to a target area in the brain. In addition, post-stroke aphasia recovery
patterns that are influenced by site and size of lesions, and stage of aphasia are considered
individually. Such an approach is considered to be less prone to confounding factors
usually found in other tDCS studies (Basat et al., 2016; Shah-Basak et al., 2015).
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There are different ways to utilize individualized tDCS approach. One way is to
include a trial phase in the study, where each participant is exposed to different polarities
(A-tDCS or C-tDCS) and sites of stimulation (LH or RH) while performing the targeted
task (e.g., naming). Then, the optimal polarity and site of stimulation under which the
participant shows the highest performance in the targeted task would be used in the
intervention phase (Shah-Basak et al., 2015). The other approach that can be used to
guide the individualized tDCS model is to rely on fMRI and MRI data to specify the
lesion location and size, then place the electrodes accordingly (Cherney et al., 2013;
Aguiar et al., 2015; Fridriksson et al., 2018).
Both approaches to individualized tDCS montages are very time- and/or laborintensive. A third approach to individualizing tDCS montages is to use a model-driven
approach based on existing literature. Anglade et al. (2014) provided a model for poststroke aphasia recovery patterns, which can be used to guide individualized tDCS. In
their review, Anglade and colleagues included 42 studies that reported outcome measures
regarding recovery mechanisms from aphasia. The authors investigated the recovery
mechanism and the involvement of each one of the hemispheres, while considering the
severity of aphasia (i.e., mild, moderate, and severe) and size of the lesion (i.e., small,
moderate, large). Based on the results, the authors proposed a model that describes
aphasia recovery patterns post-stroke. According to this model, in chronic stages of
aphasia, if the LH lesion size is moderate, then the LH may have an essential role in
recovery, while the RH may have a maladaptive role. However, if the LH lesion is large,
then its role might be limited in recovery, with the RH playing a necessary and beneficial
role in recovery. When applying these findings to tDCS stimulation, individuals with
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post-stroke aphasia with a small lesion in the LH may benefit from excitatory stimulation
(A-tDCS) over perilesional areas in the LH. On the other hand, individuals with a
moderate-sized lesion in the LH may benefit from dual stimulation. That is, excitatory
stimulation (A-tDCS) over the LH and inhibitory stimulation (C-tDCS) over the RH can
suppress the presumed maladaptive effect. However, individuals with post-stroke aphasia
with large lesions in the LH may benefit from unilateral excitatory stimulation (A-tDCS)
over the RH, to maximize its compensatory role in recovery.
Regardless of the approach used to guide individualized tDCS, it seems that
individualized tDCS can accommodate the need for considering different aphasia
recovery patterns across individuals when delivering aphasia treatment without the labor
or costs associated with the individualization procedures discussed above. In addition,
using an individualized approach to apply tDCS based on a language re-organization
model such as Anglade’s model or similar models may be more clinically applicable,
given the diversity of individuals with post-stroke aphasia usually seen in clinical
settings, and the limited resources and expertise to conduct fMRI studies to guide tDCS
stimulation. However, Anglade’s model has yet to be tested as a guide for tDCS montage
selection.
4.1.2.2 tDCS paired with aphasia therapy.
A growing body of evidence suggests tDCS combined with aphasia therapy leads
to improvement of aphasia symptoms (Biou et al., 2019; Fridriksson et al., 2018; Sandars
et al., 2015). It is worth noting that the majority of tDCS for aphasia studies included
objective linguistic measures that may not be primary in aphasia research (e.g., naming)
but deemed appropriate for investigating a relatively new technique such as tDCS.
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Functional communication has not been the focus of tDCS research yet, therefore, the
actual evidence of tDCS may not be reflected in reviews that specifically considered
functional communication (e.g., Elsner et a., 2016). Although the pre-efficacy studies of
tDCS are promising, there are several challenges that need to be addressed before the
technique can be deemed effective. Optimal stimulation parameters have not been
defined yet, and there are discrepancies in tDCS research outcomes which are mainly due
to heterogeneity in stimulation parameters and the type of concurrent treatment provided
as well as the outcome measures (ALHarbi, et al., 2017). Typically, the therapy that has
been paired with tDCS relates to anomia (naming) (Baker et al., 2010; Fiori et al., 2011;
Fridriksson et al., 2011; Monti et al., 2008; Vestito et al., 2014). However, the majority of
naming treatments used with tDCS for aphasia studies are experimental (i.e., computerbased naming treatment). Although these experimental therapies or tasks were useful in
showing the effect of tDCS ( Fridriksson et al., 2018), optimizing the outcomes may need
to integrate tDCS with evidence based treatments such as SFA and PCA.
The placement of electrodes is also one of the main critical parameters that
influence tDCS effects. Typically, anodal tDCS electrodes are placed over Broca’s area
in the left hemisphere, an important region in the neural naming network (Price, 2010).
Other areas such as the frontal, posterior, motor cortex, cerebellum, and homologous
language areas in the right hemisphere have also been targeted to improve naming ability
in post-stroke aphasia. However, results have been inconsistent. It is known that the
presence of a brain lesion under the stimulation electrode affects the current flow
compared to stimulating healthy tissue (Woods et al., 2016). Modeling the electric
current in post-stroke aphasia had shown differences in current flow when the electrode
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isplaced over the lesioned area compared to the non-lesioned area. For example,
Fridriksson (2011) modeled current flow in the brain of a stroke patient and found that
when targeting perilesional areas, some of the current funneled and concentrated in the
center of the lesioned area rather than in the perilesional area. This finding has been
explained by the level of resistance found in lesion vs. non-lesion tissue. Electrically, the
current follows the path that has least resistance. Since lesions are filled with cerebral
spinal fluid (CSF), it is likely that a lesioned area has less resistance compared to other
healthy areas and therefore the current concentrate in it (Fridriksson, 2011). Moreover,
the placement of the return electrode is also known to affect the current flow (Datta et al.,
2011). The return electrode placement is varied across tDCS studies and can be found
either cephalic or extracephalic (e.g., contralateral shoulder). In some tDCS aphasia
studies, the supraorbital area is selected for the return electrode, assuming that this area is
not critical for language processing (Galletta et al., 2015). However, Galletta et al. (2015)
have modeled five different electrode montages, with a return electrode being over
contralateral supraorbital in four montages. The authors showed that the return electrode
is not inert and can influence the current flow throughout the brain. Therefore, careful
selection of both electrodes placement is important. These issues of electrode placement
may have contributed to discrepancies in tDCS research outcomes. Besides, electrode
placement is one of many factors that can influence tDCS. For example, PWA with
different stages of stroke and aphasia severities have different patterns of post-stroke
recovery mechanisms (Anglade et al., 2014). Thus, using the same stimulation
parameters across participants may not guarantee that the same amount of stimulation
reaches the target area. Therefore, supporting several post-stroke recovery patterns with
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the appropriate tDCS montage within the same individual may reveal different effects of
the stimulation and help define the optimal stimulation parameters .
In this study, we created three tDCS montages that match the three post-stroke
recovery patterns described in the Angalde et al (2014) model, in order to find the
optimal tDCS montage for each PWA. The ultimate goal is defining a clinically feasible,
individualized tDCS model based on individual’s language profile.
4.1.3

Study Objectives

This study aimed to examine the impact of pairing non-invasive brain stimulation
(tDCS) with an established treatment protocol (SFA and PCA). Specifically, this study
will provide important information on the optimal tDCS montage to be paired with SFA
and PCA.
Our research questions are as follows:
1. Does tDCS paired with SFA/PCA result in improved single word retrieval for
trained items in individuals with post-stroke aphasia?
2. Which of the following electrode montages results in the greatest gain in single
word retrieval when paired with SFA/PCA in individuals with post-stroke
aphasia?
a. Left unilateral excitatory tDCS (A-tDCS over the left temporoparietal area
with a return electrode over the contralateral deltoid)
b. Right unilateral excitatory tDCS (A-tDCS over the right temporoparietal
area with a return electrode over the contralateral deltoid muscle)
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c. Bilateral tDCS (A-tDCS over the left temporoparietal area and C-tDCS
over the homologous right hemisphere, with return electrodes over the
contralateral deltoid muscle)

4.2

Methods
4.2.1

Participants

A convenience sample of PWA were recruited for the study, provided that they
met the following inclusion criteria: 1) at least six months post single-stroke onset in the
left hemisphere; 2) have aphasia of mild to moderate–severe severity (Aphasia Quotient ≥
30 on WAB-R); 3) pass screenings of vision, hearing, and basic cognitive functioning; 4)
speak English as a primary language; 5) are right handed; 6) are 18 years and above. The
exclusion criteria were: 1) sensitive scalp; 2) previous brain injury; 3) implanted
pacemakers, electrodes, defibrillators or other prostheses; 4) currently participating in
other speech-language treatment.
The study was approved by the Institutional Review Boards of the University of
Alberta, Canada (IRB No. Pro00080421), and the University of Kentucky, United States
(IRB No. 48048) and the participants were recruited from those two different sites.
4.2.2

Study Design

A randomized within-subject crossover multiple interventions (ABC) study
design was used (see Figure 4-1). In each one of the three conditions, the participants
received five hours of SFA/PCA (alternating SFA/PCA one hr/day x 5 days/week x one
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week) paired with tDCS. There was a two-week washout period between each condition.
Participants were followed up two weeks after the end of the study for additional
assessment. A sham condition was not included in the study because active tDCS already
shown to be better than sham (Biou et al., 2019; Fridriksson et al., 2018) and the main
goal of this study is to examine optimal tDCS parameters in three active conditions.

Figure 4-1 Study design.

Figure 4-2 The three tDCS montages

4.2.2.1 Primary Outcome Variable
The primary outcome measure was change in single word naming, as measured
by change in naming trained items before and after each condition.
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4.2.2.2 Secondary Outcome Variables
Secondary outcome variables were changes in untrained items as measured by a
confrontation naming assessment (Philadelphia Naming Test). All tests were
administered either by a registered SLP or by an SLP student supervised by a registered
SLP.
4.2.2.3 Study Procedures
Intake/Screening. Informed consent was obtained from all participants, and eligibility
was checked during the first meeting. Hearing, vision, and cognitive screening tests were
administered using a Minimal Pair Discrimination hearing screening (adapted from
Beeson et al. (2010)), the Rosenbaum pocket vision screening, and the Raven’s Coloured
Progressive Matrices(Basso et al., 1987), respectively.
Initial assessment. During the first session, participants completed the following
measures: Western Aphasia Battery-Revised (WAB-R) (Kertesz, 2007), the Philadelphia
Naming Test (PNT) (Roach et al., 1996), and Trained Items Naming test (TINT) (
Richardson, unpublished) .
tDCS Procedures. Each participant received SFA and PCA paired with tDCS in each of
the three stimulation conditions that were created based on the post-stroke recovery
patterns described in Anglade’s model(2014): 1) left unilateral excitatory montage (AtDCS over the left temporoparietal area and C-tDCS over the contralateral deltoid
muscle); 2) right unilateral excitatory montage (A-tDCS over right the temporoparietal
area and C-tDCS over the contralateral deltoid); 3) active bi-hemispheric (A-tDCS to the
left temporoparietal area and C-tDCS to the right temporoparietal area) stimulation
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(Figure 4-2). In all three conditions, the tDCS was comprised of 2 mA x 30 min of
stimulation delivered to the target areas via two saline-soaked sponge electrodes (25cm2)
connected to HDCstim, which is a portable programmable direct current stimulator
manufactured by Newronika (Milan, Italy). These stimulation parameters are based on
current accepted guidelines for tDCS studies (Bikson et al., 2016; Paulus, 2003; Woods et
al., 2015) and consistent with previous tDCS aphasia studies (Lee et al., 2013; Vines et
al., 2011). TPJ was specifically selected as a target area because it has been shown to be
associated with the greatest gain in naming compared to other areas, based on the tDCS
meta-analysis of Ross et al. (2018). In addition, TPJ is part of the dual-stream model for
language processing. Thus, stimulating it may enhance the whole language-processing
region described in the dual stream model (Hickok & Poeppel, 2007; Rosso et al., 2018).
Furthermore, there is increasing evidence on the beneficial role of posterior regions both
the in left and right hemispheres in recovery from post-stroke aphasia (Wilson &
Schneck, 2020). Therefore, modulating TPJ with tDCS is expected to result in a
considerable gain in naming.
SFA and PCA Procedures. The SFA and PCA protocols as described by Richardson et al.
(unpublished; see Appendix 9) were followed. The goal was to improve single word
retrieval, specifically for nouns. Pictures of objects were used to elicit naming. In SFA,
activities included generation of semantic features that included group or category
membership, use or utility, action, properties or a description, location, and association
features. In PCA, activities included generation of phonological features such as the first
sound, number of syllables, last or final sound, rhyme, vowel sound of the first syllable,
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and the vowel sound of the last syllable. Difficulty levels were adjusted based on type of
cueing provided (e.g., phonemic cueing, grapheme cueing, and sentence completion).
Four training sets were created from the TINT, each set consisted of 15 items
(please see Appendix 10 for the psycholinguistic features of the items in each set). For
each stimulation condition, a different but equivalent set was used for training with a
fourth set that remained untrained throughout the study.
Randomization. Randomization was implemented at different levels by using a random
number generator. All of the following had been randomly assigned to the participants: 1)
order of tDCS conditions; 2) the training set used in each condition; 3) short PNT form
(either A or B) used before and after each conditions; 4) the type of treatment in the first
session (SFA or PCA) in each condition; and 5) the verbal fluency (VF )form (A or B).
Study personnel. tDCS stimulation was delivered by the first author, who has
comprehensive training on tDCS. The SFA/PCA training was delivered by registered
SLPs or SLP students supervised by a registered SLP. In both Alberta and Kentucky
sites, all SLP students watched the same video tutorials of administration of the SFA and
PCA protocols and practiced several times prior to the study. While delivering the
treatments, SLP students were observed by a registered SLP for a minimum of two
sessions. Students also observed each other for a minimum of one session. The protocols
of SFA/PCA were highly structured through the use of a script. Thus, the level of SLP
practice experience was not thought to be a factor influencing the treatment outcome.
Outcome measures. Before and after each condition, an SLP or SLP student administered
the PNT and TINT (all four sets) measures; in most cases, this person was different from
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the person who delivered the treatment. Both PNT and TINT are computerized tests and
are administered through PowerPoint slides on a laptop with 16” screen size (Kentucky),
or on a 22” VGA desktop PC monitor (Alberta). All data were audio recorded for offline
scoring and analyses.
Scoring. The PNT guidelines published in Moss Rehabilitation Research Institute website
(2016, January) were used to score naming accuracy and determine the types of naming
errors. Reaction time was measured with Wavepad and Audacity software showing sound
waves in order to determine the start and the end of each reaction time (measured in
seconds). Reaction time is defined as the time between the moment of stimulus
presentation (represented by a beep) and the initiation of a correct verbal response. The
audio files of participants’ responses were transcribed and coded by SLP students and
revised by a second rater.
4.2.2.4 Statistical analysis
Descriptive statistics were performed to characterize the demographic information
of the study participants. To examine the impact of the different three montages of tDCS
(left excitatory tDCS, right excitatory tDCS, and bilateral tDCS) on single word retrieval
outcomes, proportion of maximum gain (PMG) was calculated from measures of trained
items before and after each condition. The advantage of PMG is that it allows for
comparing the magnitude of gains in naming across individuals or conditions with less of
an effect of baseline variations or trends. In a simulated study that compared different
effect size measures in aphasia, Cavanaguh (2020), found that PMG is among the
measures that can provide interpretable information but critiqued for lacking confidence
interval. This method has been used in previous naming studies (Dignam et al., 2017;
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Gilmore et al., 2019; Lambon Ralph et al., 2010). The PMG formula is PMG = [post-tx –
pre-tx]/[maximum – pre-tx], where maximum is the maximum number of items that can
be named. The reaction time average was calculated for correct responses. Spearman
correlation tests were conducted to test the correlation between the WAB scores and
PMG of the optimal condition for each participant.

4.3

Results
Here we present the general description of the study participants, their

demographics and general stimulation outcome. Then, individual results will be presented
for each participant, highlighting their performance in naming trained items, PNT, and
the naming errors pattern they showed across the stimulation conditions.
Eight PWA were recruited for the study from two different sites (Alberta, Canada,
and Kentucky, United States). However, two participants were excluded and six
participants completed the study. UAP003 did not complete the study due to a lack of
availability after providing consent to participate. UKP004 could not complete the study
due to the COVID-19 pandemic. For demographic information and the distribution of the
participants across the two sites, please see Table 4-1.
The age of the six participants ranged between 65 and 72 years old (mean age =
68, SD= 2.73). Their WAB scores (AQ) ranged between 39.3 and 76.6 with a mean of
56.78 (14.95). For WAB subscores, please see Table 4-2. All participants had chronic
aphasia, with time post-stroke onset between 4 and 17 years (mean= 8.6, SD= 4.45).
None of the participants had been receiving SLP other than the intervention provided in
the study; however, two participants (UKP002 and UKP003) had been participating in
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weekly aphasia support group meetings at the academic clinic, University of Kentucky.
The group activities were for social engagement rather than for goal-driven language
therapy. Therefore, participation in the support group was less likely to interfere with the
language intervention provided in the study.
All participants completed the study without adverse effects; however, one
participant (UKP001) could not complete the last stimulation session in Block3 due to
discomfort under the return electrode, which was over the left deltoid muscle in RH tDCS
condition.
Each of the six participants had 15 sessions of SFA/PCA training (alternating
each day) with five sessions in each condition. The pictures training sets (four sets) were
assigned randomly, each with 15 items. None of the participants received training on the
same set twice. Naming accuracy and reaction time were measured on all four training
sets before and after each condition, with one set remaining untrained throughout.
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Table 4-1 Demographic information of the participants

No.
UAP001

UAP002

Sex Age

Edu. Occ.

TPO

Lesion

WAB

location

AQ

Type

47.8

Broca’s

70.6

Conduction

TemporoF

69

16

Nurse

17

parietal
Fronto-

M

69

16

Engineer

9

temporal
Fronto-

UAP004

temporoM

UKP001 F
UKP002

65

9

Mechanic 6

parietal

76.6

Anomic

66

18

Teacher

N/A

39.3

Conduction

45.3

Wernicke's

61.1

Conduction

4

TemporoM

71

16

Engineer

8

parietal
Fronto-

UKP003

temporoM

Mean
SD

72

18

68

15.5

(2.7) (3.3)

Banker

8

parietal

8.6

56.78

(4.4)

(14.9)

No. =participant number; Edu. = education level; OCC. =previous occupation; TPO=
time post onset in years; WAB= Western Aphasia Battery; AQ=Aphasia quotient;
SD=Standard deviation
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Table 4-2 Western Aphasia Battery (WAB) sub-scores
WAB sub-tests

UAP001 UAP002 UAP004 UKP001 UKP002 UKP003

Spontaneous speech
Auditory verbal

9

13

13

10

12

12

6.95

7.4

9.5

7.35

5.65

8.5

3

6.9

7.4

0.8

2.2

5

4.9

8

8.4

1.5

2.8

5.3

47.8

70.6

76.6

39.3

45.3

61.6

comprehension
Repetition
Naming and word
finding
Aphasia Quotient
(AQ)

4.3.1

The effect of tDCS on naming accuracy of the trained items

The main goal of this study was to examine whether pairing tDCS with SFA/PCA
treatment improves single word retrieval in post-stroke aphasia, and to find the optimal
tDCS condition (A-tDCS LH, A-tDCS RH, or Bi-tDCS) for each individual. Therefore,
we calculated the PMG for each tDCS condition by using the pre- and post-condition
trained items’ naming scores and the maximum number of items in each set (15 items).
In general, the sample mean of PMG was 0.49 (0.33) for Bi-tDCS condition, 0.37
(0.40) for the A-tDCS LH condition, and 0.22 (0.25) for the A-tDCS RH condition.
These results indicate that, on average, the Bi-tDCS condition yielded the largest gain
(49%) in naming accuracy compared to the other two conditions, A-tDCS LH (37%) and
A-tDCS RH (22%). Specifically, four of the six participants (UAP001, UAP002,
UKP001, and UKP002) had the Bi-tDCS as their optimal condition. The other two
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participants (UAP003 and UKP003) had the A-tDCS LH as their optimal condition. None
of the participants had A-tDCS RH as an optimal condition. For the summary of PMG of
naming trained items, please see Figure 4-3.

2nd 2nd

1

PMG

0.8

1st

0.6

3rd

0.4
0.2
0

Condition order: 1st, 2nd, 3rd
1st

2nd

3rd
2nd

3rd
2nd

2nd

1st
3rd

1st

UAP001 UAP002 UAP004 UKP001 UKP002 UKP003
A-tDCS LH

A-tDCS RH

Bi- tDCS

Figure 4-2 Summary of PMG of naming trained items
The relationship between aphasia severity and PMG of the optimal condition
The relationship between aphasia severity represented by the WAB score and the
PMG of the optimal tDCS condition was examined using a Spearman’s Rho correlation
test. Results revealed a strong linear positive correlation between the PMG and WAB
score r=0.98, p<0.01. The higher the WAB score, the greater the gain obtained in naming
accuracy resulting from tDCS. Moreover, participants with low WAB scores (severe
aphasia) had optimal gain after the Bi-tDCS condition. This was in contrast to
participants with high WAB scores (mild and moderate aphasia) who had optimal gain
after A-tDCS LH, except for UAP002 who obtained the greatest gain in naming after BitDCS despite the high WAB score (Figure 4-4).
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Figure 4-3 the relationship between WAB score and PMG of the optimal tDCS condition

4.3.2

The effect of tDCS on reaction time of trained items

The reaction time of the correctly named trained items decreased from pre- to
post-stimulation in all conditions and for all participants except UKP002 and UKP003,
who showed slight increases in reaction time after the A-tDCS LH condition, and (BitDCS and A-tDCS RH), respectively. However, by focusing on the optimal condition for
each participant, we found a consistent decrease in reaction time for all participants, see
Table 4-3.
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Table 4-3 Reaction time of the optimal condition
RT
Participant No. Optimal condition pre

post Difference

UAP001

Bi-tDCS

1.7

1.45 - 0.25

UAP002

Bi-tDCS

2.22 1.58 - 0.64

UAP004

A-tDCS LH

3.92 2.08

UKP001

Bi-tDCS

N/A 1.55 N/A

UKP002

Bi-tDCS

2.47 1.72

UKP003

A-tDCS LH

3.37 3.35 -0.02

-1.84

- 0.75

As our participants had varying language profiles, order of stimulation conditions, and
training sets, the stimulation outcomes will now be examined by each participant.
4.3.3

UAP001:

UAP001 was a 69 year old female and suffered a left-hemisphere stroke, in the
temporoparietal region 16 years ago. In the initial assessment, UAP001 presented with
Broca’s aphasia with a WAB score of 47.8. UAP001 had completed the stimulation
conditions combined with SFA/PCA treatment in the following order: A-tDCS RH, AtDCS LH, and Bi-tDCS.
UAP001’s naming performance on the trained items did not change after A-tDCS
RH, and only showed a slight change after the A-tDCS LH condition. However, after Bi92

tDCS, the third condition, UAP001 showed a moderate change in naming the trained
items PMG=0.44. UAP001’s reaction time decreased in all three conditions (as shown in
Table 4-4).
Table 4-4 Comparison between conditions in naming trained items for UAP001
Training set (15 items)-Accuracy
pre

post

PMG

Tx order Condition

Acc. RT

Acc. RT

Acc.

Block 1

Right A-tDCS

7

N/A 7

2.17 0

Block 2

Left A-tDCS

6

3.72

7

3.42 0.11

Block 3

Bilateral tDCS 6

1.7

10

1.45 0.44

4.3.3.1 Evolution of naming error for trained items
To track subtle changes in naming performance across the three stimulation
conditions, the type of naming errors exhibited during the TINT was examined. Four
types of errors were classified: semantic (words that were semantically related to the
target, e.g., burger for grill), formal (words bearing phonological similarity to the target,
e.g., life for leaf), mixed (words bearing both semantic and phonological similarity to the
target, e.g., airplane for airport), and description errors (e.g., “drying thing” for towel).
These errors were chosen for analysis because they were considered relatively
meaningful compared to other naming errors such as unrelated words, nonwords, or
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miscellaneous. Although naming accuracy did not change in A-tDCS RH (Block 1), the
naming errors changed from that of semantic and description to mainly semantic and
mixed errors. After the A-tDCS LH condition, no changes in error types were observed
except for one response that became a mixed error; however, in the Bi-tDCS condition,
the errors changed from being classified as semantic and description to only semantic

Number of pictures

(see Figure 4-5).

15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

pre

A-tDCS RH

Correct

post
Semantic

pre

A-tDCS LH

Formal

post
Mixed

pre

Bi-tDCS

post

Description

Figure 4-4 Evolution of naming error for trained items-UAP001
4.3.3.2 Naming performance-PNT
UAP001’s performance in the generalization measure showed a slight
improvement in naming accuracy after the first and the third condition, A-tDCS RH and
Bi-tDCS, respectively, however, no change was observed after A-tDCS LH. Reaction
time slightly decreased after A-tDCS RH and increased after the Bi-tDCS condition. The
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greatest gain in naming was seen after Bi-tDCS, which is consistent with the change

Number of pictures

observed in the trained items (see Figure 4-6).
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Figure 4-5 PNT scores for UAP001

4.3.3.3 Evolution of naming error for PNT
When looking at UAP001’s naming performance in PNT, semantic errors were
the most frequent of errors regardless of the stimulation condition. Description, formal,
and mixed errors were also observed. Although no specific pattern can be seen in the
change of naming error types from pre- to post- stimulation, it is notable that in Bi-tDCS,
the frequency of semantic errors decreased after the stimulation with an increase in the
number of correct responses. Formal errors also seem to have disappeared after A-tDCS
RH and Bi-tDCS, but slightly increased after the A-tDCS LH. No effect of stimulation
was observed for the description errors (Figure 4-7).
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Figure 4-6 Evolution of naming error for PNT for UAP002
4.3.4

UAP002

UAP002 was a 69-year-old male. He had a stroke 9 years ago, with the lesion
located in the left frontotemporal region. The initial assessment revealed a moderate
conduction aphasia, with a WAB AQ score of 70.6. UAP002 had completed the three
stimulation conditions combined with SFA/PCA in the following order: A-tDCS RH, BitDCS, and A-tDCS LH.
UAP002 showed improvement in naming accuracy and a reduction in reaction
time after all three conditions, however, the greatest gain occurred after the Bi-tDCS
condition (see Table 4-5).
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Table 4-5 Comparison between conditions in naming trained items for UAP002
Training set (15 items)-Accuracy
pre

Post

PMG

Tx order Condition

Acc. RT

Acc. RT

Acc.

Block 1

Right A-tDCS

6

Block 2
Block 3

3.04 12

2.41 0.67

Bilateral tDCS 11

2.22 15

1.58 1

Left A-tDCS

1.7

1.62 0.5

9

12

4.3.4.1 Naming errors evolution for trained items
The naming errors made by UAP002 were mainly semantic in nature. Most of
these semantic errors seem to have evolved to correct responses after stimulation. This
observation was consistent in the three stimulation conditions (see Figure 4-8).

97

Number of pictures

15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

pre

A-tDCS LH

Correct

post
Semantic

pre

post

Bi-tDCS

Formal

Mixed

pre

post

A-tDCS RH

Description

Figure 4-7 Evolution of naming error for trained items for UAP002
4.3.4.2 Naming performance-PNT
UAP002 showed a slight improvement in naming after the first condition, AtDCS RH, but no change was observed after the second and third conditions, Bi-tDCS,
and A-tDCS LH, respectively. In addition, reaction time fluctuated across the three
conditions. UAP002’s performance on the PNT was not consistent with his performance
on the trained items (Figure 4-9).
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Figure 4-8 PNT scores for UAP002
4.3.4.3 Evolution of naming errors for trained items
UAP002 showed high levels of performance on the PNT and made only a few
naming errors that were mainly semantic in nature, with only one formal error. When
looking at Figure 4-10, there is a consistent decrease in the number of semantic errors
from pre- to post-stimulation except in the Bi-tDCS condition.
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Figure 4-9 Evolution of naming error for PNT for UAP002

4.3.5

UAP004

UAP004 is a 65 years old male, who suffered a stroke 6 years ago (lesion in
frontotemporoparietal region). The initial assessment revealed an anomic aphasia with a
WAB AQ score of 76.6. UAP004 had completed the three stimulation conditions
combined with SFA/PCA treatment, with the order of conditions being Bi-tDCS, A-tDCS
LH, and A-tDCS RH.
UAP004 showed improvement in naming accuracy after all three conditions;
however, the greatest gain was observed after the A-tDCS LH. Reaction time was also
reduced from pre- to post-condition in the three stimulation conditions (see Table 4-6).
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Table 4-6 Comparison between conditions in naming trained items for UAP004
Training set (15 items)-Accuracy

Tx order Condition

pre

post

PMG

Acc. RT

Acc. RT

Acc.

Block 1

Bilateral tDCS 11

3.72 14

3.41 0.75

Block 2

Left A-tDCS

13

3.92 15

2.08 1

Block 3

Right A-tDCS

11

3.14 12

2.39 0.25

4.3.5.1 Evolution of naming errors for trained items
Consistent with other participants, semantic errors were found to be the most
frequent error in UAP004’s naming performance on the PNT. Formal, mixed, and
description errors were also observed. Additionally, naming errors evolved to correct
responses after stimulation in the Bi-tDCS and A-tDCS LH conditions. However, in AtDCS RH, semantic errors found at pre-stimulation were still present post-stimulation
(see Figure 14-11).
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Figure 4-10 Evolution of naming error for trained items for UAP004
4.3.5.2 Naming performance-PNT
UAP004 showed relatively consistent PNT scores across the stimulation
conditions, except in A-tDCS RH, where he showed a decrease in his PNT score
compared to pre-stimulation of the same condition. The reaction time fluctuated across
the stimulation conditions and did not show a meaningful pattern (see figure 4-12).
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Figure 4-11 PNT scores for UAP004
4.3.5.3 Evolution of naming error for trained items
UAP004 showed consistent semantic errors in all testing points of PNT,
regardless of the stimulation condition. The number of semantic errors did not change
from pre- to post-stimulation in Bi-tDCS and A-tDCS LH conditions. However, in AtDCS RH, the number of semantic errors slightly increased after the stimulation which
was accompanied by a decrease in the number of correct responses (Figure 4-13).
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Figure 4-12 Change in type of errors of PNT for UAP004

4.3.6

UKP001

UKP001 was a 66 year-old female, who had a stroke four years ago. Medical
record could not be accessed and lesion location information could not be obtained. The
initial assessment revealed a conduction aphasia with an AQ WAB of 39.3. UKP001’s
auditory comprehension and speech fluency were relatively intact, but she had severe
phonemic paraphasias. Repetition and naming were severely affected. With that said, she
was able to write relatively legible single words when not able to respond to some
SFA/PCA tasks verbally. UKP001 received the three stimulation conditions combined
with SFA/PCA in the following order: A-tDCS LH, Bi-tDCS, A-tDCS RH.
UKP001 did not show any improvement in naming accuracy or reaction time in
all conditions, with the exception of being able to name only one item after the Bi-tDCS
condition (see table 4-7).
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Table 4-7 Comparison between conditions in naming trained items for UKP001
Training set (15 items)-Accuracy
pre

post

Tx order Condition

Acc.

RT

Block 1

Left A-tDCS

0

0

Block 2

Bilateral tDCS 0

1

Block 3

Right A-tDCS

0

0

Acc.

PMG
RT

Acc.
0

1.55

0.07
0

4.3.6.1 Evolution of naming error for trained items
UKP001’s naming errors were mostly miscellaneous, perseverations, or
nonwords. She also showed semantic error in several testing points (see Figure 4-14).
4.3.6.2 Naming performance-PNT
In the case of UKP001, tDCS did not show any generalization effects within any
of the three stimulation conditions. In condition one (A-tDCS LH), UKP001 scored two
points on the PNT for both pre- and post-stimulations. In the second condition (Bi-tDCS),
no correct responses were recorded in either pre- nor post-stimulation. Reaction time was
not consistent in the conditions in which she had correct responses (Figure 4-15).
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Figure 4-13 Evolution of naming error for trained items for UKP001
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Figure 4-14 PNT scores for UKP001
4.3.6.3 Evolution of naming error for PNT
UKP001’s naming performance in PNT showed an inconsistent error pattern.
Formal and semantic errors were most notable with fewer description errors. After A-
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tDCS LH, there were less formal errors, but the correct responses were at the same level

Number of pictures

as before the stimulation (Figure 4-16).
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Figure 4-15 Evolution of naming error for PNT for UKP001
4.3.7

UKP002

UKP002 was a 71 year-old male, who suffered a stroke 8 years ago (lesion
location in temporoparietal region). The initial assessment showed a Wernicke’s aphasia
with a WAB AQ of 45.3. UKP002’s speech was relatively fluent, with moderately
affected auditory comprehension. He showed poor repetition and severely affected
naming abilities, with a variety of naming errors including semantic, phonological,
mixed, formal, and description errors. During assessment and later in therapy, WH
frequently used self-cueing (i.e., reciting letters of the alphabet in order until he reached
the first phoneme of the target word and then produced it). UKP002 received the
stimulation conditions in the following order: A-tDCS RH, Bi-tDCS, and A-tDCS LH.
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For UKP002, the greatest gain in naming of trained items was observed after BitDCS, which was also accompanied by a reduction in reaction time from pre- to poststimulation. In addition, only subtle changes were observed after A-tDCS RH. The AtDCS LH did not result in any change in the trained items, and even the reaction time in
this condition was slightly longer after stimulation (see table 4-8).
Table 4-8 Comparison between conditions in naming trained items for UKP002
Training set (15 items)-Accuracy
pre

Post

PMG

Tx order Condition

Acc. RT

Acc. RT

Acc.

Block 1

Right A-tDCS

0

1

0.07

Block 2

Bilateral tDCS 1

2.47 5

1.72 0.29

Block 3

Left A-tDCS

1.5

1.56 0

5

5

1.5

4.3.7.1 Evolution of naming errors for the trained items
The majority of naming errors observed at pre-A-tDCS RH condition were
semantic in nature, with only one formal and one mixed error. However. These errors did
not turn into correct responses, except for one item, nor to any other types of the four
errors of focus (semantic, formal, mixed, and description). In fact, most of the errors after
stimulation were classified as miscellaneous or unrelated words. However, by looking at
the types of errors at pre- and post-Bi-tDCS, we observed that most of the naming errors
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at pre- became either correct responses or semantic errors after stimulation. In addition,
no meaningful change was observed from pre- to post-A-tDCS LH in naming errors
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(Figure 4-17).
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Figure 4-16 Evolution of naming error for trained items for UKP002
4.3.7.2 Naming performance-PNT
UKP002’s performance on the PNT revealed a slight improvement (by one point)
in naming from pre- to post-A-tDCS RH, accompanied by a slight increase in reaction
time. However, the other two conditions (Bi-tDCS and A-tDCS LH) did not reveal
improvement in naming from pre- to post-stimulation, but there were differences in the
number of correct responses when comparing the three conditions (see Figure 4-18). In
addition, reaction time fluctuated across the testing points with a noticeable increase after
A-tDCS RH, and a decrease after A-tDCS LH (Figure 4-18).
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Figure 4-17 PNT scores for UKP002
4.3.7.3 Evolution of naming errors for PNT
The majority of naming errors were miscellaneous or perseverative in nature;
however, when focusing on the four naming errors (semantic, formal, mixed, and
description) we found that semantic and formal errors were the most frequently occurring
errors across conditions, with a few mixed and description errors. No specific error
patterns can be drawn from this evolution of errors (Figure 4-19).
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Figure 4-18 Evolution of naming error of trained items for UKP002

4.3.8

UKP003

UKP003 was a 72 year old man who suffered a stroke eight years ago (lesion in
frontotemporoparietal region). The initial assessment revealed a moderate conduction
aphasia with a WAB AQ score of 61.1. UKP003’s spontaneous speech was relatively
good, as he was able to communicate verbally most of the time. Auditory comprehension
was functional , but repetition and naming were moderately affected. Naming errors
were mostly semantic or description in nature, but formal and mixed errors were also
observed in his responses during naming tasks.
UKP003 showed improvement in naming the trained items in all three conditions;
however, the greatest gain was after the A-tDCS LH, followed by Bi-tDCS and A-tDCS
RH. Moreover, a subtle reduction in reaction time was observed after A-tDCS LH. On
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the other hand, reaction time increased from pre- to post-stimulation in the two other
conditions (Bi-tDCS and A-tDCS-RH) (Table 4-9).
Table 4-9 Comparison between conditions in naming trained items for UKP003
Training set (15 items)-Accuracy

Tx order Condition

Pre

Post

PMG

Acc. RT

Acc. RT

Acc.

Block 1

Bilateral tDCS 6

4.09 10

4.95 0.44

Block 2

Left A-tDCS

7

3.37 12

3.35 0.63

Block 3

Right A-tDCS

6

2.59 9

2.68 0.33

4.3.8.1 Evolution of naming errors for the trained items
When turning to the naming errors in UKP003, we found that semantic errors
were consistently observed across the stimulation conditions. It is also notable that these
semantic errors evolved to correct responses, especially after the A-tDCS LH condition.
Other types of errors such as formal, description and mixed became either correct
responses or semantic errors. This observation was consistent across all stimulation
conditions (Figure 4-20).
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Figure 4-19 Evolution of naming error for trained items for UKP003
4.3.8.2 Naming performance-PNT
UKP003’s performance in PNT revealed a slight improvement from pre- to poststimulation in the Bi-tDCS and A-tDCS LH conditions, with a decrease in correct
responses after the A-tDCS RH condition; however, the greatest number of correct
responses was observed during the follow-up. Moreover, reaction time was longer at
post-stimulation compared to pre-stimulation in the three conditions, yet was the longest
during the follow up (Figure 4-21).
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Figure 4-20 PNT scores for UKP003
4.3.8.3 Evolution of naming errors for PNT
Consistent with the majority of participants, semantic errors were the dominant
type of error observed in UKP003’s PNT performance. Other errors such as mixed,
formal, and description were also observed. When looking at the naming errors, we found
that semantic errors decreased at post-stimulation compared to pre-stimulation except in
A-tDCS RH, where semantic errors increased after stimulation (accompanied by a
decrease in correct responses) (Figure 4-22).
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Figure 4-21 Evolution of naming errors for PNT for UKP003
4.4

Discussion
The purpose of this study was to test the effect of tDCS paired with SFA/PCA

treatment on language function in post-stroke aphasia, and to compare between three
different stimulation conditions varying in electrode montage. Specifically, we tested the
hypotheses proposed in Anglade’s model, which showed three predicted post-stroke
aphasia recovery patterns. Based on Anglade’s model, depending on lesion size and
aphasia severity, aphasia recovery may rely on recruitment of either the left hemisphere,
right hemisphere, or both hemispheres. We created three tDCS conditions, targeting the
left temporoparietal junction (TPJ), right TPJ, and bilateral TPJ. Each participant
completed the three conditions to determine their optimal tDCS condition (i.e., the
condition that yielded the greatest gain in naming). The ultimate goal of this study was to
define a clinically-feasible, individualized tDCS treatment for post-stroke aphasia that
can be guided by individualized language profiles.
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First, the overall effect of tDCS on trained items’ accuracy and reaction time will
be discussed. Then, the discussion will be extended to the observed relationship between
aphasia severity and tDCS optimal montage followed by a discussion of each montage,
the generalization effect, and the effect of tDCS on the evolution of naming errors.
4.4.1

The effect of tDCS on naming trained items

Our results revealed that five participants (83%) made a small to large
improvement (i.e, based on PMG) in the naming accuracy of trained items, regardless of
stimulation condition. This finding is consistent with our hypothesis that pairing tDCS
with SFA/PCA is effective in improving naming ability. The stimulation outcomes are
also consistent with studies that have targeted posterior regions in the left hemisphere
(Fiori et al., 2011, 2013; Fridriksson, 2011; Fridriksson et al., 2018; Wu et al., 2015) and
right hemisphere (Flöel et al., 2011). One participant (UKP001) had only negligible
effects of stimulation on naming trained items. This participant had the lowest WAB
score (AQ=39.3) in the sample and had a severe naming deficit with neologisms.
The improvement of naming accuracy was also consistently accompanied by a
reduction in reaction time regardless of the stimulation condition. In the literature,
improvement in reaction time has been observed after left A-tDCS (Fiori et al., 2011;
Fridriksson et al., 2011; Pestalozzi et al., 2018) and bilateral tDCS (Lee et al., 2013).
However, in our study, all three conditions, including the right A-tDCS, showed
improvements in average reaction time. The right stimulation montage was not an
optimal condition for any participant. Furthermore, the common naming accuracy-latency
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trade-off is only observed in some participants for the untrained measures (discussed
below), but not for the trained items.
The strong positive relationship between the size of stimulation gain and severity
of aphasia was somewhat unexpected. The extant tDCS literature suggests that, due to the
nature of tDCS effects being small and additive, it is more likely to observe an effect on
more severe cases and complex tasks (rather than mild cases and simple tasks) (e.g.,
Woods et al., 2016). Nonetheless, the severity-based discrepancy in the amount of gain in
naming suggest that it is easier to enhance mildly or moderately affected naming skills
than severe naming deficits. However, this result needs to be interpreted with caution
since the outcome was calculated based on PMG, which could overestimated the effect of
tDCS in this study. Based on a simulated study that compared different effect size
measures in aphasia, Cavanaugh (2020) found that PMG can overestimate treatment
effect especially when use with small number of items.
4.4.2

The optimal tDCS montage

Participants responded to the three tDCS montages differently. Severity of
aphasia seems to be one of the important factors in determining which type of montage
can lead to optimal positive changes in naming. Lesion location and size are also vital
when discussing tDCS stimulation montages. With a lack of lesion size information, it is
difficult to confirm whether our findings accurately fit the post-stroke recovery
mechanism hypotheses presented in Anglade et al. (2014). Therefore, the findings of this
study are discussed merely based on behavioral data and interpreted with considering
aphasia severity based on WAB-R scores.
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4.4.2.1 Upregulating left hemisphere and downregulating right hemisphere with BitDCS
Bi-tDCS stimulation (A-tDCS over left TPJ and C-tDCS over right TPJ) was the
optimal condition for four out of six participants (66%). Three of those participants had
WAB scores less than 50, which may indicate that those with severe aphasia may benefit
more from Bi-tDCS than from the other montages. In other words, for people with severe
aphasia, single word retrieval processing may be supported by increasing left TPJ
activation via A-tDCS and suppressing the presumably maladaptive activities of the right
TPJ via C-tDCS. Only a few previous studies (Lee et al., 2013; Manenti et al., 2015;
Marangolo et al., 2014) have utilized a bilateral tDCS montage to improve naming.
Unlike the target area in this study, the aforementioned studies targeted the frontal region,
specifically IFG or dorsolateral prefrontal cortex. These studies showed improvement in
naming nouns (Marangolo et al., 2014) and verbs (Manenti et al., 2015), as well as in
naming reaction time (Lee et al., 2013). However, one of these studies was a case report
(Manenti et al., 2015) and the other study (Marangolo et al., 2014) compared the bilateral
montage with a sham condition only. Thus, the optimal tDCS montage in these studies is
unknown, as the participants were exposed to only one active tDCS montage. Only Lee et
al. (2013) compared two active conditions (bilateral vs. single stimulation montage), but
it was a single session study and that might be the cause for not finding a difference
between left stimulation and bilateral stimulation in naming accuracy in that study.
Severity of aphasia, although important in determining the optimal tDCS
montage, may not be the only factor. Participant UAP002 had the bilateral tDCS as the
optimal condition despite his relatively high score on the WAB. Nevertheless, the second
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optimal montage for this participant was A-tDCS RH, and the least effective montage
was A-tDCS LH. This indicates that modulating right TPJ in this case was beneficial
which is consistent with the literature on the role of right TPJ(Wilson & Schneck, 2020;
Xing et al., 2016).
4.4.2.2 Upregulating left hemisphere with A-tDCS
Stimulating the left TPJ with A-tDCS was optimal for two of the participants
(UPA004 and UKP003). These participants had mild to moderate aphasia, and
presumably had small to moderate lesions. Therefore, it is unsurprising that they
benefited from upregulating perilesional areas in the left hemisphere. Modulating left
perilesional areas by tDCS is established in the literature. A recent large trial (Firdriksson
et al., 2018) as well as previous studies (Baker et al., 2010; Fiori et al., 2013; Marangolo
et al., 2013) have shown considerable improvements in naming after placing left A-tDCS
over perilesional areas. Although A-tDCS left montage was only effective for two
participants, it confirmed the Anglade model’s hypothesis that those with mild aphasia
might optimally benefit from left hemisphere stimulation. However, down-regulating the
left hemisphere has also shown positive changes in naming in previous studies (Monti et
al., 2008; Shah-Basak et al., 2015). In these studies, it is suggested that the gain in
naming was a result of inhibition effects of the C-tDCS, which targets the maladaptive
activities in the left hemisphere that originate from the right hemisphere. These
maladaptive activities in the left hemisphere are due to the release of the two hemispheres
from their balanced inhibition status (Chrysikou & Hamilton, 2011). Perhaps, there might
be some specific factors that better explain the discrepancies in these studies’ findings
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with regards to tDCS montages; however, it is possible that people with mild to moderate
aphasia may benefit from several tDCS montages but with different sized gains.
4.4.2.3 Upregulating right hemisphere with A-tDCS
Stimulating the right hemisphere by targeting the right TPJ with A-tDCS was not
an optimal condition for any participant in the study. However, participants with mild to
moderate aphasia (UAP002, UAP004, and UKP003) had small to medium gains after the
right A-tDCS montage. This finding adds to the existing evidence found in the literature
about the beneficial role of TPJ in some people with aphasia (Wilson & Schneck, 2020;
Xing et al., 2016). Also, previous tDCS studies that adopted upregulating RH with AtDCS montage have found improvement in language functions even in people with severe
aphasia (Cipollari et al., 2015; Flöel et al., 2011; Vines et al., 2011). Since right A-tDCS
seems beneficial in some cases in this study but not optimal, this finding supports the
notion that recruiting RH for language recovery, although it can be beneficial, may be
qualitatively different from recruiting LH (Hamilton et al., 2011). Relying on only
behavioral data is not sufficient to determine the characteristics of participants who can
benefit from recruiting RH. However, in this study, the severity of aphasia seems to be
one of the determiner factors in benefiting from RH recruitment.
4.4.3

The effect of tDCS on accuracy and reaction time of untrained items (PNT)

Short-form PNT tests were used as untrained generalization measures to capture
any change that may have resulted from the stimulation. Pre- and post-stimulation raw
PNT scores were consistent for all conditions for four out of six participants. Only two
participants showed mild generalization effects, specifically UAP001 (after A-tDCS RH
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and Bi-tDCS conditions) and UAP002 (after the A-tDCS RH condition only). Moreover,
it is worth noting that two participants showed mild improvement at the two-week follow
up from the last condition, suggesting that accumulated effects and long-term potentiation
(LTP) processes may have occurred.
Reaction time in PNT did not consistently decrease after stimulation, as seen in
the trained items. Also, the tradeoff pattern between accuracy and reaction time was
observed in three of the participants (UAP001, UKP002, and UKP003) in different
conditions, while the other participants showed fluctuating accuracy-reaction time
patterns across the conditions. This may indicate that the generalization effect of tDCS
stimulation on reaction time is limited. These findings are contradictory to the previous
studies that found generalization effects of tDCS on reaction time (Fiori et al., 2011;
Fridriksson et al., 2011; Pestalozzi et al., 2018). Notably, all of these studies utilized AtDCS over the left hemisphere but varied in other stimulation parameters such as
intensity, electrode size and location. When considering only left A-tDCS montage across
the participants in our study, we found that reaction time only improved by -0.6 sec in
one participant (UKP002). With this inconsistency found in reaction time for PNT, it is
unknown whether a specific montage is better than another in inducing a generalization
effect.
4.4.4

The effect of tDCS montages on naming errors

tDCS did not show prominent change in the types of errors that the participants
demonstrated across the stimulation conditions. However, semantic errors were mostly
generally reduced at post-stimulation compared to pre-stimulation only in A-tDCS LH
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and Bi-tDCS conditions, but not in A-tDCS RH. In fact, after A-tDCS RH, semantic
errors either increased or remained the same. These results seem to suggest that the
posterior stimulation of semantic network by tDCS can lead to more successful lexical
retrieval. The finding also emphasizes the essential role of left posterior perilesional areas
in recovery compared to other areas, a finding that has been consistent in previous (Julius
Fridriksson et al., 2012).
4.4.5

Strengths and limitations

This study showed differential effects of three active tDCS montages to improve
single word retrieval in people with post-stroke aphasia. There are several strengths of
this study. First, the study tested three active tDCS montages within the same participant
to explore how the stimulation supports three common stroke recovery patterns. This
design allowed for controlling individual differences that are known to confound group
design in aphasia research. Second, randomization methods were utilized at different
levels, including assigning a training set, stimulation condition, form of the generalization
measure (PNT A or B), and first session treatment (SFA or PCA) to ensure
counterbalance and minimize bias. Third, tDCS was paired with evidence-based
treatments (SFA and PCA) that were delivered in the same way to all participants. Also,
several procedures were taken (e.g., standardized SLP students training, using script, and
proper supervision) to enhance treatment fidelity. Fourth, the carryover effect was
minimized by including relatively long washout periods (two weeks) compared to the
length of each stimulation condition (one week). Fifth, this study was conducted at two
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different sites (Alberta, Canada, and Kentucky, United States), which enhanced the
external validity of the study.
Despite these strengths, this study also presents with limitations. First, the design
did not include a sham condition, due to practical reasons. Adding a fourth condition in
this study would increase the time commitment, which would in turn impact recruitment
and participation. Second, there was a lack of neuroimaging data, especially data related
to lesion size. Adding neuroimaging components to the study would support our
understanding of the interaction between stimulation montages and stroke recovery
patterns in relation to specific lesion locations. Third, the sample size was small.
Although this is a within subect design and each individual served as their own control,
having a larger sample would improve the representativeness of the findings. Fourth, the
treatment outcome was measured by PMG, although this method is useful to control for
baseline variations across conditions and minimize autcorrelation effect, it may
overestimated the treatment effect. Lastly, although several procedures were taken to
minimize carry over effect, carry over is inevitable in treatment studies. Some
participants in this study may have maintained gain from one condition to another and
this may confound the findings.

4.5

Conclusion
tDCS has the potential to be an effective treatment when paired with evidence-

based aphasia treatments (e.g., SFA and PCA). For people with severe aphasia, using BitDCS to upregulate the left hemisphere and downregulate the right hemisphere is the
optimal montage to improve single word retrieval. Furthermore, using A-tDCS to
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upregulate the perilesional area in the left hemisphere is the optimal montage for people
with mild to moderate post-stroke aphasia. The right hemisphere montage seemed to be
the least effective montage; however, people with post-stroke aphasia may benefit from
more than one tDCS montage but with different sizes of gain. Moreover, tDCS seems to
have positive effects on reaction time regardless of the montage used. Future studies
should extend the findings of this study by expanding the design to include a sham
condition, increase sample size, and include a neuroimaging component.
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CHAPTER 5. GENERAL DISCUSSION

Transcranial direct current stimulation (tDCS) is a neuromodulation technique
that has been explored as a booster for recovery from post-stroke aphasia, when
combined with traditional behavioral language therapy (Bucur & Papagno, 2019;
Fridriksson et al., 2018). It has been over a decade since tDCS was first used with people
with post-stroke aphasia (Monti et al., 2008), however, the technique has yet to be
approved for clinical use. Despite a great deal of research exploring optimal stimulation
parameters for post-stroke aphasia, (see Biou, et al., 2019; Bucur & Papagno, 2019 for
recent reviews), optimal parameters still have not been defined. Furthermore, due to the
high heterogeneity found in stimulation parameters and research outcomes reported, there
is a lack of consensus in best practice guidelines for the application of tDCS in poststroke aphasia (Aguiar et al., 2015; Bikson et al., 2018). Therefore, the overarching goal
of this thesis project was to critically evaluate the current evidence of tDCS for
optimizing outcomes in individuals with post-stroke aphasia.
In this section, the main findings from the three studies composing this thesis will
be summarized. Then, a synthesized discussion will be provided, followed by the studies’
limitations and future directions.

5.1

Purpose and summary of findings-study one
The goal of the first study was to critically evaluate the methodological quality

and quality of evidence in studies investigating the use of tDCS to improve naming in
PWA. Robey and Schultz’s (1998) model for conducting clinical outcome research was
adopted to classify the included studies in five-phases: from pre-efficacy (phase I) to
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cost-effectiveness (phase V). Nineteen studies (N= 158 people with single left stroke and
subsequent chronic aphasia) were included in the review. The critical appraisal for the
included studies revealed several methodological limitations, including inappropriate use
of crossover design, lack of randomization and blinding, lack of descriptions of
behavioral therapies used with tDCS or using non-evidence based treatment, missing data
due to participant drop out, small sample sizes, and heterogeneity of tDCS protocols.
Based on the critical appraisal of the studies and the use of the five-phase model,
we concluded that the level of evidence for using tDCS to improve naming in PWA is
still at a pre-efficacy level, with emerging evidence at the efficacy level. In addition, we
concluded that in order to improve the evidence of tDCS and move beyond the preefficacy level, the methodological quality of tDCS studies must be improved. For
example, tDCS should be combined with an evidence-based behavioral therapy, with a
detailed description of the therapy. In addition, when using a crossover design, studies
should include an appropriate evaluation of the carry over effect by including baseline
measures before and after each condition.

5.2

Purpose and summary of findings-study two
The goal of the second study was to examine the timing of stimulation (online vs.

offline) when performing a naming task. Several motor and cognitive studies report
positive effects after sequential offline tDCS (tasks performed after tDCS application),
compared to concurrent stimulation (tasks performed in combination with tDCS)
(Bradnam et al., 2010; Jeffery et al., 2007b; Miyaguchi et al., 2013). In these studies, it is
assumed that interference between the stimulation and the task may have occurred,
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suggesting that presentation of the task concurrently with the stimulation may abolish the
effect of the overall stimulation (J. Horvath et al., 2014). In some language studies,
offline stimulation was shown to be superior to online stimulation, but this interference
effect has not been systematically examined (Price et al., 2015). We examined the effect
of stimulation timing by targeting the left Broca’s area in healthy participants, using a
sham controlled double blind single A-tDCS session. Naming latency was measured at
several time points. Results did not reveal any differences between active and sham tDCS
sessions, and the interference hypothesis could not be tested (see chapter three for
detailed results). The negative outcome of this study is consistent with the overall lack of
treatment effects in previous studies, which have utilized single session tDCS to improve
language functions in healthy participants.

5.3

Purpose and summary of findings-study three
Optimal tDCS parameters, including stimulation montage, have yet to be defined

in post-stroke aphasia. In the third study, we tested three tDCS montages to support three
different modeled post-stroke recovery patterns (upregulating LH, upregulating RH, and
upregulating LH and downregulating RH simultaneously) within each participant. tDCS
parameters were optimized by combining stimulation with evidence-based naming
treatments (SFA and PCA). The stimulation parameters were 2 mA intensity, 5x5 cm
electrode size, and 30 min stimulation duration. The active electrode was always placed
on the temporoparietal junction (TPJ; either left, right, or both).
The optimal tDCS condition for each PWA was defined as the condition in which the
greatest proportion of maximum gain (PMG) was attained. In general, bilateral
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stimulation (i.e., upregulating the left hemisphere and downregulating the right
hemisphere) was the optimal condition for four out of six participants. The second most
optimal condition was upregulating the left hemisphere with A-tDCS. Across the six
participants with mild to moderate-severe aphasia, the amount of gains in naming based
on PMG of the trained items were positively correlated with their WAB scores. In other
words, those with severe aphasia (i.e., low WAB scores) had less gain compared to those
with moderate or mild aphasia (i.e., mid or high WAB scores).
Moreover, latency in naming the trained items was faster after stimulation
regardless of the condition; however, no striking findings were observed on
generalization measures of naming accuracy and reaction time (Philadelphia Naming
Test, short version). Furthermore, tracking four types of naming errors (semantic, formal,
mixed, and description) across participants and tDCS conditions did not reveal any
prominent findings, although the most common types of errors were that of semantic
observed across the participants.

5.4

Synthesized discussion
Optimizing recovery from post-stroke aphasia has been the focus of many studies

conducted within the field of aphasiology. Based on evidence from neuroimaging studies,
brain reorganization or neuroplasticity post-stroke is the driving force for recovery from
aphasia(Crosson et al., 2019; Kiran & Thompson, 2019; Raymer et al., 2008). The brain
reorganization could occur spontaneously in the acute and subacute phases of stroke, or it
can be achieved by implementing behavioral language treatments, especially those that
follow experience-dependent neuroplasticity principles in any stage of stroke (Crosson et
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al., 2019; Kiran & Thompson, 2019; Raymer et al., 2008; Turkeltaub, 2019; Turkeltaub
et al., 2011). Another way of inducing neuroplasticity is through the use of non-invasive
neuromodulation techniques such as tDCS (Bucur & Papagno, 2019; Crosson et al.,
2019; Fridriksson et al., 2018).
The ability of tDCS to modulate neuronal excitability, at least acutely, has been
shown in motor studies using both animal models (Boonzaier et al., 2018; Modolo et al.,
2018) and human participants (Fregni et al., 2006;Nitsche et al., 2008; M. Nitsche &
Paulus, 2000; Paulus, 2003). However, translating evidence from these populations to
target language in healthy individuals or in people with neurological disorders has been a
challenge, especially with regards to factors such as dosage of stimulation. Part of this
difficulty is due to brain structural differences between animals and humans. The other
part is due to the complexity of language itself, and the factors that need to be considered
when applying tDCS to modulate brain areas involving language.
Evidence when using tDCS with healthy populations might be less informative
for studies of tDCS application in PWA, mainly due to differences in language
processing patterns between healthy and damaged brains, as well as how both
populations interact with stimulation parameters. In this thesis, a lack of tDCS effect in
healthy participants despite use of conventional stimulation parameters (the second study)
was followed by differential gains in naming accuracy and a reduction in reaction time in
PWA (the third study) when stimulation parameters were optimized. This indicates that
in order to modulate and engage a neural network to improve naming, a sufficient dose of
stimulation (two mA tDCS delivered via 5x5 cm electrode for 30 min daily for one week)
paired with a rigorous therapy or task is required (e.g., SFA/PCA). It is possible that the
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stimulation parameters used in the second study with healthy participants were not
sufficient to induce an effect, nor was the task sensitive to detect tDCS effects possibly
due to a ceiling effect. However, effects of tDCS effect are not linear; increasing intensity
and duration, for instance, do not necessarily yield better results (Weller et al., 2020). It is
the combination of a group of interactive factors related to stimulation parameters, the
behavioral task, and participant characteristics (Aguiar et al., 2015). For example,
UKP003 who was the most severe case in the sample (study three) did not show naming
improvements despite receiving the same stimulation dose and therapy as the other
participants. This indicates that, in addition to the other factors, severity of aphasia can be
detrimental in tDCS outcome. This is also confirmed by the positive correlation we found
between amount of tDCS gain and WAB scores in the study.
Furthermore, selecting the best target area is challenging in tDCS studies. It is
likely that the selection of Broca’s area as a target in the second study was not optimal
compared to the target area selected in the third study (i.e., TPJ). TPJ was specifically
selected because it has been shown to be associated with the greatest gain in naming
compared to other areas, based on the tDCS meta-analysis of Ross et al. (2018). In
addition, TPJ is part of the dual stream model for language processing. Thus, stimulating
it may enhance the whole language-processing region described in the dual stream
model(Hickok & Poeppel, 2007; Rosso et al., 2018). Therefore, the findings of the third
study are in line with previous studies that have targeted the posterior region in poststroke aphasia (e.g., Fridriksson et al., 2018). Findings are also supported by a recent
large systematic review, which synthesized evidence on neuroplasticity in post-stroke
aphasia from 86 neuroimaging studies (Wilson & Schneck, 2020). In their review,
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Wilson and Schneck found positive correlations between the left hemisphere language
area and right temporal area activities and language functions. Furthermore, in our study,
it seems that the amount of gain is correlated positively with the severity of aphasia
represented by the WAB score. Also, those with severe aphasia to some extent benefit
more from bilateral stimulation, suggesting that modulating both hemispheres with
different polarity may ameliorate the effect of transcallosal disinhibition and the
presumed maladaptive effects of increased activity in the right hemisphere (Anglade et
al., 2014; Hamilton et al., 2011). However, some participants in the third study showed
small to medium gains in naming after right A-tDCS which support the recent findings of
the beneficial role of the right hemisphere, specifically right TPJ (Wilson & Schneck,
2020; Xing et al., 2016).
The technical side of tDCS is equally as important as the primary stimulation
parameters. The conductivity of the tDCS current is known to be affected when the
electrode is placed over a lesioned area compared to an intact area (Julius Fridriksson,
2011; Woods et al., 2016), as well as with individual differences such as thickness of
scalp or hair (Horvath et al., 2015). This issue can be minimized by using neuroimaging
as a guide to specifically locate the target area, or through electric current modeling
software (Datta et al., 2010; Galletta et al., 2015). However, these techniques are not
always available for clinicians. In the third study, the position of electrodes was
consistent across participants regardless of their specific lesion location. Given that the
majority of participants had posterior lesions, it is likely that some received stimulation
over a lesioned area. This may have resulted in discrepancies in the amount of
stimulation reaching the target area, consequently reflected in naming performance.
131

Nonetheless, conventional tDCS is known to have reduced spatial resolution (Reinhart &
Woodman, 2015). Therefore, although it is likely that conductivity of tDCS may have
been affected by lesioned areas in some participants, stimulation of perilesional areas in
those participants can still be assumed.
Research on tDCS with post-stroke aphasia requires a significant improvement of
methodological quality; however, when considering the numerous factors that influence
the effect of tDCS, it is impossible to design a sound study that equally considers all
essential factors. Nevertheless, some methodological limitations identified in tDCS
studies for post-stroke aphasia (chapter two) can be mitigated to improve tDCS research.
For example, tDCS can be paired with evidence-based therapy rather than with nonstandard treatment. This is particularly important when acknowledging the fact that the
effect of tDCS is only additive and does not improve function by itself. Thus, a
considerable effect should be expected from the actual combination of the behavioral
therapy/task with tDCS. Moreover, the issue of a reduced sample size can affect
statistical power, leading to either underestimating or overestimating a treatment effect, a
serious threat to internal and external validity. Moving forward with tDCS research
requires conducting studies with large sample sizes in order to have enough statistical
power and a more representative sample of PWA. Importantly, tDCS studies with larger
sample sizes have recently emerged. For example, Fridriksson et al. (2018) conducted the
largest RCT on tDCS to date by including 74 PWA, helping corroborate the argument for
the benefit of tDCS research in this population. Furthermore, remotely supervised tDCS
(RS-tDCS) has been recently suggested to increase accessibility and participation in
tDCS research (Charvet et al., 2015). In RS-tDCS, the researcher can visually monitor the
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use of tDCS from a distance without compromising research standards. For example, if a
participant cannot commit to everyday tDCS sessions because they live outside the city,
the participant can take the tDCS unit home and the tDCS administrator can monitor its
use visually, in real time from a distance. This feature is particularly important because it
can help increase the issue of sample size in tDCS research and therefore strengthen the
evidence of tDCS.
Furthermore, advances in tDCS and neuroimaging technologies have improved
the methodology of tDCS applications. For example, High Definition tDCS (HD-tDCS)
has been recently introduced as a solution for reduced spatial resolution and the issue of
bidirectional current produced by the conventional tDCS (Richardson et al., 2015).
Another advantage of HD-tDCS is that it can be paired with EEG to record brain
responses to the stimulation simultaneously.
Determining the optimal target area for stimulation is a challenge for tDCS
studies due to lack of consensus on post-stroke recovery patterns that guide tDCS.
However, with increased accumulated evidence from neuroimaging studies of language
and the use of prediction modeling (Meier et al., 2019; Skipper-Kallal et al., 2017;
Stefaniak et al., 2020), it is possible to observe consistency in defining the optimal area
for stimulation in future studies. The approach adopted in the third study (i.e, testing
stimulation based on different post-stroke recovery patterns within the same individual)
would be beneficial in determining the efficacy of tDCS. Nonetheless, due to the
complicated nature of post-stroke recovery and its effect on language processing, and the
sensitivity of tDCS to this factor, testing tDCS in healthy population may not be
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informative for tDCS application in aphasia. Therefore, focusing on direct testing of
tDCS in PWA is necessary for moving forward with the evidence.

5.5

Strengths and limitations of thesis
There are several strengths in this thesis. First, the critical review quantified key

methodological issues in tDCS for post-stroke aphasia literature, and critically
determined this research’s current level of evidence. Second, three different post-stroke
recovery mechanisms were tested using a within-subject design study. Previous studies
have utilized individualized models differently by including only one or two montages.
Third, tDCS was combined with evidence-based treatments (SFA and PCA), while most
previous studies utilized non-standard naming therapy.
However, this thesis also presents with limitations. First, the critical review was
focused only on studies that investigated tDCS in people with chronic post-stroke
aphasia. Expanding the inclusion criteria to include studies in acute and subacute phases
of stroke may yield different results. Second, the study design and stimulation parameters
(e.g., duration of stimulation) used to investigate the tDCS timing factor (Study 2) were
not optimal, although this design was similar to the design of proof of concept in the
initial tDCS studies. Utilizing a different design and better stimulation parameters may
show different findings. For example, measuring offline and online effects of tDCS can
be done in separate sessions rather than testing both in the same session. In addition,
duration of stimulation can be increased to more than 10 minutes. A third limitation was
the lack of a sham and neuroimaging component in the third study. A sham condition was
not included for practical reasons, given that three active conditions were included which
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increased the length of the study. It is likely that including a fourth condition would have
negatively impacted participation and recruitment. Also, a lack of neuroimaging data for
the participants limited the interpretations of our results. However, the intention was to
use an existing recovery patterns model (Anglade et al., 2014) to guide the stimulation
rather than to specifically follow individual neuroimaging findings.

5.6

Future directions
The findings of the three studies in this thesis can inform future studies in several

ways. First, knowing that the current level of evidence is that of pre-efficacy, with an
emerging efficacy level, helps indicate a strong need for more research aimed at defining
and refining stimulation parameters in the post-stroke aphasia population. Second, the
second study’s negative results implies that that using single session tDCS with a 10
minutes duration of stimulation may not be sufficient to modulate language functions in
healthy participants, a finding that is supported by several studies (see review by
Westwood et al., 2017). Modulating language functions in healthy participants may
require a longer stimulation duration, complex tasks, and multiple sessions. Third, the
findings of the third study can be improved by expanding the design to include a sham
condition, increase sample size, and include neuroimaging.
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Appendix 1. The International Classification of Functioning, Disability and Health
(ICF) (Adapted from WHO, 2001)

.
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Appendix 2. Living with Aphasia: Framework for Outcome Measurement (AFROM)(adapted from Kagan et al., 2008)
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Appendix 3. Quality assessment for crossover studies
Phase I

Item

Basat
et al.,
2015

Lee et
al.,2013

Monti
et
al.,2008

Appropriateness
of cross-over
design

High

Low

Randomization of
treatment order

High

Carry-over effect

Phase II
Marangolo
et al.,2016

Shah
Basak
et
al.,2015

Vestito
et
al.,2014

Volpato
et
al.,2011

Low

Low

Low

Unclear

Unclear

Low

Unclear

Unclear

Unclear

High

Unclear

Low

Low

Low

Low

Low

Unclear

Unclear

Low

Low

Low

Low

Low

Low

Low

Low

Unclear

Unclear

Unclear

Low

Unclear

Unclear

Unclear

High

Unclear

Unclear

Low

Low

Unclear

Low

Low

Unclear

Low

High

Low

Unclear

Low

Low

Low

Unclear

Low

Low

Low

High

Low

Low

Low

Low

Low

Low

Low

Low

Low

Low

Low

Low

Low

Kang et
al.,2011

Marangolo
et
al.,2013a

Marangolo
et
al.,2013b

Fiori et
al.,2011

Floel et
al.,2011

Fridriksson
et al.,2011

Marangolo
et al.,2014

Unclear

Unclear

Low

High

Unclear

Unclear

Low

Low

Low

Unclear

Unclear

Unclear

Low

Unclear

Unclear

Unclear

Unclear

Unclear

High

Low

Unclear

Unclear

Low

High

Unclear

Unclear

Low

Unbiased data

Low

Low

Unclear

Low

Low

Low

Low

Low

Allocation
concealment

High

Unclear

Unclear

Unclear

Unclear

Unclear

Unclear

Blinding assessor

Unclear

Low

Low

Lo w

Low

Unclear

Incomplete
outcome data

Low

Unclear

Low

Low

Low

Selective outcome
reporting

Low

Low

Low

Low

Low

Behavioral
therapy combined
tDCS

Low

Unclear

Low

Low

Low

Low

Low

Low

Unclear

High

High

Unclear

Low

Low

Unclear

Unclear

Homogeneity of
participants

High

Low

High

Low

High

High

High

Low

High

High

Low

Low

Low

Low

High

High

Outcome measure

Low

Low

Low

Low

Low

Unclear

Low

Low

low

Low

Low

Low

Low

Unclear

Low

Low
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Richardson
et al.,2015

Baker
et al.,
2010

Overall
quality of
each item
across the
studies
50% = low
37.5 % =
unclear
12.5 % =
high
12.5% =low
75 % =
unclear
12.5% = high
50% = low
37.5 % =
unclear
12.5 % =
high
93.75% =
low
6.25% =
unclear
6.25% = low
81.25 % =
unclear
12.5 %= high
56.25 % =
low
31.25 % =
unclear
12.5% = high
75% = low
18.75 %=
unclear
6.25% = high
100%= low
56.25% low
31.25 % =
unclear
12.5 % =
high
50% = low
50% = high
87.5% = low
12.5% =
unclear

Appendix 4. The single subject research design (SSRD) checklist

DESCRIPTION OF
PARTICIPANTS AND
SETTINGS
INDEPENDENT
VARIABLE

DEPENDENT VARIABLE
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Phase II

Phase I

Item

Galletta &Vogel-Eyny, 2015

Manenti et. al., 2015

1. Was/were the participant(s) sufficiently well described to allow comparison with other studies or with the
reader’s own patient population?

Yes

Yes

2. Were the independent variables operationally defined to allow replication?

Yes

Yes

3. Were intervention conditions operationally defined to allow replication?

Yes

Yes

4. Were the dependent variables operationally defined as dependent measures?

Yes

Unclear

5. Was interrater or intra rater reliability of the dependent assessed before and during each phase of the
Study?

No

No

6. Was the outcome assessor unaware of the phase of the study (intervention vs control) in which the
participant was Involved?

Yes

No

7. Was stability of the data demonstrated in baseline, namely

Yes

Yes

Yes

No

No

No

10. Were the effects of the intervention replicated across three or more subjects?

No

No

11. Did the authors conduct and report appropriate visual analysis, for example, level, trend, and variability?

Yes

No

12. Did the graphs used for visual analysis follow standard conventions, for example x- and y-axes labeled
clearly and logically, phases clearly labeled (A, B, etc.) and delineated with vertical lines, data paths
separated between phases, Consistency of scales?

Yes

Yes

13. Did the authors report tests of statistical analysis, for example celebration line approach, two-standard
deviation band method, C-statistic, or other?

Yes

No

14. Were all criteria met for the statistical analyses used?

No

No

10/14

5/14

lack of variability or a trend opposite to the direction one
Would expect after application of the intervention?
8. Was the type of SSRD clearly and correctly stated, for example
DESIGN

A–B, multiple baseline across subjects?
9. Were there an adequate number of data points in each
Phase (minimum of five) for each participant?

ANALYSIS

Total

Appendix 5. The methodological quality assessment checklist for RCT

Methodology Checklist 2: Controlled Trials
SIGN
Meinzer et. al.2016

Phase III

Before completing this checklist, consider:
1.

Is the paper a randomised controlled trial or a controlled clinical trial? If in doubt, check the study design algorithm available from SIGN and make
sure you have the correct checklist. If it is a controlled clinical trial questions 1.2, 1.3, and 1.4 are not relevant, and the study cannot be rated higher than
1+

2.

Is the paper relevant to key question? Analyse using PICO (Patient or Population Intervention Comparison Outcome). IF NO REJECT (give reason
below). IF YES complete the checklist.

Reason for rejection: 1. Paper not relevant to key question  2. Other reason  (please specify):
SECTION 1: INTERNAL VALIDITY

Does this study do it?

In a well conducted RCT study…
1.1

Yes √

The study addresses an appropriate and clearly focused question.

No 

Can’t say 
1.2

Yes √

The assignment of subjects to treatment groups is randomised.

No 

Can’t say 
.3
1.4

Yes 

An adequate concealment method is used.

No 

Can’t say √
Yes 

The design keeps subjects and investigators ‘blind’ about treatment
allocation.

No 

Can’t say √
Yes √

1.5

The treatment and control groups are similar at the start of the trial.

1.6

The only difference between groups is the treatment under investigation.

No 

Can’t say □
Yes √

No 

Can’t say 
Yes √

1.7

All relevant outcomes are measured in a standard, valid and reliable way.

No 

1.8

What percentage of the individuals or clusters recruited into each treatment
arm of the study dropped out before the study was completed?

1.9

All the subjects are analysed in the groups to which they were randomly

Yes 

No 

allocated (often referred to as intention to treat analysis).

Can’t say √

Does not apply 

Can’t say 

1.10

Where the study is carried out at more than one site, results are comparable
for all sites.

15.4% from each group

Yes 

No 

Can’t say 

Does not apply √
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SECTION 2: OVERALL ASSESSMENT OF THE STUDY
2.1

How well was the study done to minimize bias?

High quality (++)

Code as follows:

Acceptable (+) √
Low quality (-)
Unacceptable – reject 0 

2.2

Taking into account clinical considerations, your
evaluation of the methodology used, and the statistical
power of the study, are you certain that the overall
effect is due to the study intervention?

Yes

2.3

Are the results of this study directly applicable to the
patient group targeted by this guideline?

Yes

2.4

Notes. Summarise the authors’ conclusions. Add any comments on your own assessment of the study, and the extent to which it answers your question and
mention any areas of uncertainty raised above.
Allocation concealment method was not clear, the participants had the stimulation on the same target area, although had different size, type of
lesions, severity and type of aphasia
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Appendix 6. Clinical characteristics of the included studies
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tDCS=transcranial direct current stimulation; A-tDC=anodal tDCS; C-tDCS=cathodal tDCS; HD-tDCS=high definition tDCS; CS-tDCS= conventional sponge tDCS; mA=
milliampere; cm2= centimeter squared; min=minutes; acc.=accuracy; RT=reaction time; L=left; R=right; R-STG= right superior temporal gyrus; L-STG=left superior temporal
gyrus; R-IFG=right inferior frontal gyrus; L-IFG=left frontal gyrus; DLPFC= dorsolateral prefrontal cortex; AAT= Aachen aphasia test; BNT=Boston naming test; KBNT=Korean version of Boston naming test; BADA=the battery for the analysis; of aphasia disorder; WAB=western aphasia battery; CILT =constraint induced language therapy;
SHEMESH=naming test; Esame del Linguaggio= standardized language test; N= sample size; P= probability value.

Appendix 7. List of stimuli and their psycholinguistic features
List of words selected from S&V stimuli
1- Arm
2- Bed
3- Comb
4- Door
5- Ear
6- Foot
7- Fork
8- Hand
9- Key
10- Shirt
Psycholinguistic features of the stimuli
Name agree
Image agree
Familiarity
Complexity
H
%
M
SD
M
SD
M
SD
Average 0.19717 96.5667 4.17417 0.87267 4.71267 0.62433 2.621 0.80217
Min
0
90
3.65
0.74
4.5
0.42
1.92
0.61
Max
0.53
100
4.58
0.99
4.85
0.87
3.22
0.94
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Appendix 8. Sensation ratings and adverse effects reporting questionnaire (Brunoni
et al., 2011)

The effect

Active tDCS

Sham tDCS

Headache

Mild (20%)

Mild (12%)

Scalp pain

Mild (8%)

Mild (16%)

Tingling sensation

72%

Mild (60%), moderate (16%)

Itching sensation

32%

Mild (32%), moderate (4%)

Burning sensation

Mild (52%), moderate (32%)

Mild (64%)

Skin redness

28%

Mild (36%), moderate (8%)

Sleepiness during the session

20%

Mild (28%), moderate (4%)

Trouble concentration

12%

20%

Acute mood change

4%

4%
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Appendix 9. SFA and PCA treatments protocol
SEMANTIC FEATURE ANALYSIS (nouns)

•
•
•

•

•

•

We are going to look at some pictures. We will name the items in the pictures and also talk
about many different features of these items.
(get whiteboard)
I am going to place a picture in the middle of the board, and I would like for you to name the
item in the picture if possible. (place in center). Can you tell me the name of this item?
o If they are able to correctly name, then “Great, you said _________. Now let us
review the different features.” (write name of the item)
o If they approximate with an artic error, semantic or phonemic paraphasia, then
“Very close, you said ________. The name of the item is _______________ (and
write the name of the item on the whiteboard). Now let us review the different
features.”
o If they are unable to name, then “The name of the item is ___________ (and write
the name of the item on the whiteboard). Now let us review the different features.”
• *Note when reviewing features below – NOT EVERY FEATURE IS
APPROPRIATE FOR EVERY TREATMENT STIMULUS. ONLY
ELICIT THOSE FEATURES APPROPRIATE FOR THE
STIMULUS ITEM.
The first feature is group or category membership. (For very first session, “For example, a
telescope is a scientific tool, and/or a household item.”) Your item (or just name it) is a
member of which group? (Alternate prompt: It ("telescope") belongs to the category of
___________.; other similar)
o If produced, write in box and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), write in box, move to
next feature.
o If unable to produce, provide answer (model w/ carrier sentence), write in box, move
to next feature.
 *for all features, the patient does NOT have to say the carrier phrase if they
cannot or do not wish to, just try to encourage them to fill in the blank with
you
The second feature is use or utility. (For very first session, “For example, a telescope is used
to look into outer space.”) What is ________ used for?
o *If animal or person, SKIP
o If produced, write in box and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), write in box, move to
next feature.
o If unable to produce, provide answer (model w/ carrier sentence), write in box, move
to next feature.
The third feature is action. (For very first session, “For example, we look through a
telescope.”). What do you do with ________ ? (Alternative prompts: What is it used to do?
What does ______ do?)
o If produced, write in box and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), write in box, move to
next feature.
o If unable to produce, provide answer (model w/ carrier sentence), write in box, move
to next feature.
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•

•

•

•
•

•

The fourth feature is properties, or a description. (For very first session, “For example a
telescope has lenses, a tubular shape, and is often on a tripod.”). What are some properties of
_______? (max 3)
o If produced, write in box and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), write in box, move to
next feature.
o If unable to produce, provide answer (model w/ carrier sentence), write in box, move
to next feature.
• *A great opportunity to challenge participant in later sessions to
name properties have not named before
The fifth feature is location. (For very first session, “For example, a telescope is found near a
window or on a rooftop”). Where do we find _______?
o If produced, write in box and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), write in box, move to
next feature.
o If unable to produce, provide answer (model w/ carrier sentence), write in box, move
to next feature.
The last feature is association. (For very first session, “For example, a telescope reminds me
of binoculars, or of camping, or of the planets.”). What does _______ remind you of?
o If produced, write in box and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), write in box, move to
next feature.
o If unable to produce, provide answer (model w/ carrier sentence), write in box, move
to next feature.
Great, we’ve reviewed all of the features. Can you tell me the name of this item?
o If produced, review features (next bullet).
o If not produced, review features (next bullet).
To review the features again, try to say them with me
o it (or item name) is a _________ (group), / it belongs to the category ____________
o It (or item name) is used for/to __________,
o something we do with it (or item name) is _______ (action),
o it/(name the object) has/is __________,
o it (or item name) is found _________,
o and it (or item name) reminds you of ________.
What is the name of this item?
o If produced, “Great, next item.”
o If approximated, shape to correct, have them repeat correct form after you, and
“Great, next item.”
o If not produced, say “Say this after me: _____________” OR “Say it with me:
_________” “Great work on that. Let’s move to the next item.”
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PHONOLOGICAL FEATURE ANALYSIS

We are going to look at some pictures. We will talk about different sound features of the
objects or actions in the picture.
• (get whiteboard)
• I am going to place a picture in the middle of the board, and I would like for you to name the
item in the picture if possible. (place in center). Can you tell me the name of this item?
o If they are able to correctly name, then “Great, you said _________. Now let us
review the different features.” (write name of the item)
o If they approximate with an artic error, semantic or phonemic paraphasia, then
“Very close, you said ________. The name of the item is _______________ (and
write the name of the item on the whiteboard). Now let us review the different
features.”
o If they are unable to name, then “The name of the item is ___________ (and write
the name of the item on the whiteboard). Now let us review the different features.”
*Note when reviewing features below – NOT EVERY FEATURE IS APPROPRIATE FOR
EVERY TREATMENT STIMULUS. ONLY ELICIT THOSE FEATURES APPROPRIATE
FOR THE STIMULUS ITEM.
• The first feature is the first sound of the item you see. (For very first session, “For example,
the word cantaloupe starts with the sound “c” [or /k/]“). What is the first sound of this item
(or item name)?
o If produced, write in box, then read together* “the first sound (of item name) is
____” and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), prompt to repeat, write
in box, then read together “the first sound (of item name) is ____”, and move to next
feature.
o If unable to produce, provide answer (model w/ carrier sentence), prompt to repeat,
write in box, then read together “the first sound (of item name) is ____”, move to
next feature.
 *for all features, the patient does NOT have to say the carrier phrase if they
cannot or do not wish to, just try to encourage them to fill in the blank with
you
• The second feature is the number of syllables. (For very first session, “For example, the
word cantaloupe has three syllables, (tap out 3 syllables)”). How many syllables does this
word (or item name) have?
o If produced, write in box, then read together “the number of syllables (in item name)
is ______ (then tap), and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), prompt to repeat, write
in box, then read together “the number of syllables (in item name) is ______ (then
tap), and move to next feature.
o If unable to produce, provide answer (model w/ carrier sentence), prompt to repeat,
write in box, then read together “the number of syllables (in item name) is ______
(then tap), and move to next feature.
• The third feature is the last or final sound of the item you see. (For very first session, “For
example, the final sound of the word cantaloupe is “p”). What is the final sound (of item
name)?
o
•

150

Continue Appendix 9. SFA and PCA treatments protocols
If produced, write in box, then read together “the last sound (of item name) is ____”
and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), prompt to repeat, write
in box, then read together “the last sound (of item name) is ____”, and move to next
feature.
o If unable to produce, provide answer (model w/ carrier sentence), prompt to repeat,
write in box, then read together “the last sound (of item name) is ____”, move to next
feature.
The fourth feature requires us to think of or make up a word that rhymes with our item. (For
very first session, “For example, a word that rhymes with cantaloupe might be “antelope”).
What is a word that rhymes with ___________? (max 2)
o If produced, write in box, then read together “____(target)___ rhymes with
____(rhyming word)___”, and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), prompt to repeat, write
in box, then read together “____(target)___ rhymes with ____(rhyming word)___”,
and move to next feature.
o If unable to produce, provide answer (model w/ carrier sentence), prompt to repeat,
write in box, then read together “____(target)___ rhymes with ____(rhyming
word)___”, and move to next feature.
The fifth feature is the vowel sound of the first syllable. (For very first session, “For
example, the vowel sound of the first syllable of cantaloupe is “ae”). What is the vowel sound
of the first syllable (of item name)? (If the word is monosyllabic, acknowledge that and feel
free to change your script to “the vowel sound of this word”).
o If produced, write in box, then read together “the vowel sound of the first syllable (or
word) (in item name) is _______”, and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), prompt to repeat, write
in box, then read together “the vowel sound of the first syllable (or word) (in item
name) is _______”, move to next feature.
o If unable to produce, provide answer (model w/ carrier sentence), prompt to repeat,
write in box, then read together “the vowel sound of the first syllable (or word) (in
item name) is _______”, move to next feature.
The last feature (IF MORE THAN ONE SYLLABLE) is the vowel sound of the last
syllable. (For very first session, “For example, the vowel sound of the last syllable of
cantaloupe is “o”). What is the vowel sound of the last syllable?
o If produced, write in box, then read together “the vowel sound of the last syllable (in
item name) is _______” and move to next feature.
o If approximated, shape to correct (model w/ carrier sentence), prompt to repeat, write
in box, then read together “the vowel sound of the last syllable (in item name) is
_______”, and move to next feature.
o If unable to produce, provide answer (model w/ carrier sentence), prompt to repeat,
write in box, then read together “the vowel sound of the last syllable (in item name)
is _______”, and move to next feature.
Great, we’ve reviewed all of the features. Can you tell me the name of this
item/picture/object?
o If produced, review features (next bullet).
o If not produced, review features (next bullet).
I want to go over the features again, and I want you to say each feature with me. (you provide
carrier phrase, they fill in with you with unison speech).
o

•

•

•

•

•
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The first sound (of item name) is __________
The number of syllables (in item name) is ____#____ (tap out together if needed; or,
“The number of syllables in “___________” [and could tap while saying word] is
______”)
o The last sound (of item name) is __________; The last sound in _________ is
______.
o A rhyming word is ___________/______ rhymes with _______; A word that rhymes
with _______ is _________
 (if listed 2, Another rhyming word is _________)
o The vowel of the first syllable (in item name) is ________
o The vowel of the last syllable (in item name) is _______
What is the name of this item?
o If produced, “Great, next item.”
o If approximated, shape to correct, have them repeat correct form after you, and
“Great, next item.”
o If not produced, say “Say this after me: _____________” OR “Say it with me:
_________” “Great work on that. Let’s move to the next item.”
o
o

•
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Appendix 10. The psycholinguistic features of the trained items
ITEM

Spkn-FRQ

KF_FRQ

SYLL

LEN_L

AOA

Number_Phonemes

IMG

moccasin

203

1

3

8

.

7

573

Tx
set #
1

button

27171

12

2

6

192

5

580

1

belt

24601

30

1

4

268

4

585

1

radio

81830

125

3

5

317

5

613

1

chandelier

1619

3

3

10

.

8

.

1

toilet

15729

13

2

6

164

5

632

1

microwave

6756

2

3

9

.

8

.

1

teapot

1290

0

2

6

.

5

.

1

ambulance

9177

6

3

9

.

9

627

1

taxi

9925

17

2

4

443

5

639

1

chile

9123

1

2

5

4

1

grapes

5703

.

1

6

5

1

bookstore

5415

2

9

7

1

school

526938

492

1

6

4

1

gym

17089

2

1

3

3

1

sunglasses

5819

0

3

10

.

9

.

2

slipper

934

3

2

7

260

5

594

2

buckle

3342

6

2

6

.

5

587

2

pillow

9528

8

2

6

217

4

624

2

desk

42712

65

1

4

264

4

614

2

rug

6923

14

1

3

233

3

591

2

napkin

3613

3

2

6

342

6

582

2

bowl

54608

23

1

4

256

3

579

2

tramway

116

1

2

7

map

43253

13

1

3

.

3

587

2

pancake

2294

0

2

7

.

6

.

2

cherries

2298

2

2

8

.

5

.

2

hospital

102677

111

3

8

319

8

602

2

courthouse

6985

2

10

7

2

Bank.

102163

1

4

4

2

83

153
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zipper

2194

1

2

6

.

4

632

3

glove

7469

12

1

5

228

4

596

3

fireplace

6127

6

2

9

.

7

639

3

phone

175206

55

1

5

248

3

644

3

mixer

3302

2

2

5

.

5

536

3

grill

12269

12

1

5

.

4

.

3

jar

9333

16

1

3

242

3

571

3

trailer

14092

12

2

7

407

5

538

3

balloon

8014

10

2

7

hamburger

3494

6

3

9

.

7

.

3

pepper

28449

13

2

6

269

4

587

3

milk

39398

49

1

4

192

4

626

3

airport

36758

19

2

7

6

3

hotel

68759

126

2

5

5

3

plane

54062

133

1

5

.

4

556

3

boot

13307

14

1

4

251

3

604

4

hat

34222

57

1

3

.

3

562

4

vacuum

10779

22

2

6

439

6

539

4

clock

26268

21

1

5

210

4

640

4

dishwasher

2221

0

3

10

.

7

.

4

corkscrew

675

3

2

9

419

8

580

4

sponge

3228

7

1

6

268

5
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